Fine-scale strata formation in biologically and physically dominated estuarine systems within the lower Chesapeake and York River subestuary by Dellapenna, Timothy M.
W&M ScholarWorks 
Dissertations, Theses, and Masters Projects Theses, Dissertations, & Master Projects 
1999 
Fine-scale strata formation in biologically and physically 
dominated estuarine systems within the lower Chesapeake and 
York River subestuary 
Timothy M. Dellapenna 
College of William and Mary - Virginia Institute of Marine Science 
Follow this and additional works at: https://scholarworks.wm.edu/etd 
 Part of the Geology Commons 
Recommended Citation 
Dellapenna, Timothy M., "Fine-scale strata formation in biologically and physically dominated estuarine 
systems within the lower Chesapeake and York River subestuary" (1999). Dissertations, Theses, and 
Masters Projects. Paper 1539616630. 
https://dx.doi.org/doi:10.25773/v5-pc24-yq17 
This Dissertation is brought to you for free and open access by the Theses, Dissertations, & Master Projects at W&M 
ScholarWorks. It has been accepted for inclusion in Dissertations, Theses, and Masters Projects by an authorized 
administrator of W&M ScholarWorks. For more information, please contact scholarworks@wm.edu. 
INFORMATION TO USERS
This manuscript has been reproduced from the microfilm m aster. UMI films the 
text directly from the original or copy submitted. Thus, som e thesis and 
dissertation copies are  in typewriter face, while others may be  from any type of 
com puter printer.
The quality of this reproduction is dependent upon the quality of the copy 
submitted. Broken or indistinct print, colored or poor quality illustrations and 
photographs, print bleedthrough, substandard margins, and improper alignment 
can adversely affect reproduction.
In the unlikely event that the author did not send UMI a com plete m anuscript and 
there are  missing pages, these will be noted. Also, if unauthorized copyright 
material had to be removed, a note will indicate the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by sectioning 
the original, beginning at the upper left-hand com er and continuing from left to 
right in equal sections with small overlaps. Each original is also photographed in 
one exposure and is included in reduced form at the back of the  book.
Photographs included in the original manuscript have been  reproduced 
xerographically in this copy. Higher quality 6” x 9” black and white photographic 
prints are available for any photographs or illustrations appearing in this copy for 
an additional charge. Contact UMI directly to order.
Bell & Howell Information and Learning 
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA 
800-521-0600
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 
NOTE TO USERS
Page(s) missing in number only; text follows. 
Microfilmed as received.
187
This reproduction is the best copy available.
UMI
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 
APPROVAL SHEET
This dissertation is submitted in partial fulfillment of 
the requirements for the degree of 
Doctor of Philosophy




Steven A. Kuehl, Ph.D. 
Committee Chairman/Advisor
A(k 0 -  M k a P f U ' S
. SchafFner/Ph.D. \J~fiLinda C
/ iA^a Aa  ll /]■
Elizabeth A. Canuel, Ph.D.
C j . t  ________
Carl T. Friedrichs, Ph.D.
Ui JWl s . Cv°k)
Willard S. Moore, Ph.D.
University of South Carolina 
Columbia, South Carolina
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission. 
Fine-scale Strata Formation in Biologically and Physically Dominated Estuarine 
Systems within the Lower Chesapeake and York River Subestuary
Timothy M. Dellapenna
B.S., Michigan State University, 1986 
M.S., Western Michigan University, 1991 
M.S., Western Michigan University, 1991
A Dissertation 
Submitted in Partial Fulfillment o f the 
Requirements for the Degree of 
Doctor o f Philosophy 
at
The College o f William and Mary 
and
The Virginia Institute of Marine Science 
1999
- i i -
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
UMI Number: 9942554
Copyright 199 9 by 
Dellapenna, Timothy Michael
All rights reserved.
UMI Microform 9942554 
Copyright 1999, by UMI Company. All rights reserved.
This microform edition is protected against unauthorized 
copying under Title 17, United States Code.
UMI
300 North Zeeb Road 
Ann Arbor, MI 48103
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ABSTRACT
To investigate the relationship between biological and physical mixing in forming 
strata, the lower mainstem o f Chesapeake Bay has been contrasted with the York River 
Subestuary. By using radioisotope profiles from sediment cores, comparisons are made 
in terms of depth and rate o f sediment mixing, deposition and accretion. Within the lower 
Chesapeake Bay two sites were selected as biologically dominated, both are located 
within the bay stem plains and are characterized by muddy sand and an abundance of 
large, deep-dwelling organisms. X-radiographs indicate complete biological reworking of 
sediments. 2l0Pb profiles reveal low sediment accretion rates within the mainstem sites 
(<0. 1 cm y 1), but significant differences in biological mixing depths (25 vs 40 cm) and 
biodiffusivity (>80 vs 6-30 cm3 y '1).
Within the upper York River, transient, longitudinal erosional furrows regularly 
form within a broad flat secondary channel. Varying furrow morphologies were observed 
depending on tidal flow, ranging from: 1) no bedforms during the higher flow conditions 
such as spring tide; to 2) large patches o f meandering furrows as the mean flow 
decreases; to 3) large, variably spaced (5-7 m) linear furrows during the lowest mean 
current conditions o f neap tide. A 35 month time series using kasten cores reveals that 
along with -25 cm differences in mixing depths due to the fortnightly time formation and 
destruction of furrows, a -100  cm depth scale signal o f mixing exists annual to 
interannual time frame which is unrelated to the formation of erosional furrows.
Throughout much o f  the energetic microtidal York River, the seabed is 
characterized by deep physical mixing (25-200 cm). A strong cross-estuary gradient is
-iii-
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observed with one side, including channel, flank and shoal, dominated by frequent deep 
erosion and re-deposition (physical mixing), while physical mixing is reduced on the 
other side resulting in a greater preservation o f biological mixing. Within the physically 
dominated side of the river, the mixed layer is characterized by 210Pb profiles with one or 
more segments (-25-100 cm thick) o f nearly uniform excess activity. X-radiographs 
reveal that the mixed layer consists o f centimeter to decimeter scale units o f finely to 
coarsely laminated strata bounded by hiatal surfaces, indicative o f physical mixing. The 
physical mixing results in an impoverishment benthic community which is composed 
primarily of small, opportunistic species. Mixing in the biologically dominated side of 
the river is generally shallow (<40 cm), with low 2l0Pb biodiffusion rates 
(0.43-3.35 cm2 -').
2!0Pb based particle residence time within the mixed layer are on the order o f 
centuries. Estimates of the sediment mass in the physically mixed layer is equivalent to 
-7 0  years of river sediment yield, this is consistent with century-scale residence times.
Although sediment mixing within the Lower Chesapeake Bay is controlled by 
biological processes and sediment mixing in much of the York River is controlled by 
physical processes, in both places particle residence times in the seabed are generally on 
the century time-frame. However, when considering the cycling o f pore-water nutrients, 
organic matter and particle bound contaminants, the type of seabed mixing is as 
important as the particle residence time in determining the ultimate fate and fluxes o f 
these constituents.
-iv-
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PREFACE
This dissertation departs somewhat from traditional style and format, Chapters 2 
through 4 were written as manuscripts for eventual publication. At the time of 
publication of this dissertation, Chapter 2 has already been published (Estuarine, Coastal 
and Shelf Sci. 46:777-795). Chapter 3 has been submitted for review to Estuaries and 
Chapters 4 is in the final stages of preparation for submission. Additional related 
material, pertinent to this doctoral research work, is included in appendices. In this 
respect, these chapters are, for the most part, self descriptive and may be read individually 
without having to first consult previous chapters for background material. Because of 
this format, an abstract and bibliography are included with each chapter and the 
respective bibliography formats follow the journals for which they have been submitted, 
however, appendices are inclusive for the entire dissertation.
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INTRODUCTION
Estuaries are complex coastal systems where cross-estuarine gradients in tidal and 
wave energy, bathymetry, benthic community structure and sedimentary environments 
are often as steep or sharper than along estuarine gradients. The interactions and 
feedback of physical and biological processes affect the rate and type of sediment mixing 
and the rates o f deposition, erosion, and accretion. The frequency and intensity of 
depositional and erosional events controls the depth of physical mixing and may restrict 
the development of benthic communities and the absence o f biological structures may 
enhance the impact or these disturbance events (Schaffner et al., 1999). Biological 
mixing results from the net affect o f the myriad of activities which occur when organisms 
interact with sediments, these activities are integrated over time and produce ‘diffusive’ 
mixing. Whether mixing is dominated by biological or physical processes has significant 
implication in terms o f particle and fluid flux across the sediment-water interface. 
Although biological mixing may result in long particle residence times and may alter the 
bioavailability o f contaminants which exist within the seabed, physical mixing results in 
the whole-scale reintroduction o f a portion o f the seabed and pore-water constituents into 
the water column.
Two systems were used to investigate the relationship between biological and 
physical mixing in forming strata: the Lower Mainstem o f the Chesapeake Bay and the 
York River Subestuary. Both systems are physically dynamic, within the Lower 
Mainstem of the Bay, the physics enhances productivity and results in an active 
macrofaunal community (Schaffner et al., 1999) which continually reworks the upper few
1
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tens o f centimeters o f sediment and is the dominant control on seabed mixing and the 
formation o f sedimentary structures. Within much o f theYork River, a subestuary of the 
lower Chesapeake Bay, the physical energy restricts the development of the benthic 
community and results in a low level o f bioturbation throughout much o f the system, as a 
result, much o f the system is physically dominated. Components o f these systems 
represent biological and physical end-members within the lower Chesapeake Bay and 
provide ideal modem analogues for investigating the dynamics o f strata formation in 
physically and biologically dominated estuarine systems. Additionally, by investigating 
the York River as a system, the study is able to not only examine the end-members but 
components which are intermediate to the end-members.
The major theme of this study is to investigate to what extent the short-term 
physical processes o f sediment deposition, resuspension, erosion, and the longer term 
processes o f net sediment accumulation and biological mixing are recorded in estuarine 
sediments. To address this issue the follow hypotheses are posed:
H,) Physical and biological processes interact to control short-term and long-term particle 
residence times.
H2) Short-term processes exist which produce deep physical mixing within subestuaries.
H3) The gradient of the physical and biologic processes within a subestuary is reflected 
in the sedimentary structures contained within the strata.
2
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These hypotheses provided the impetus for this study, the results are present in 
three chapters which are intended to stand alone as separate publications. Chapter 1 
addresses seabed mixing and particle residence times in the biologically dominated lower 
Chesapeake Bay and a physically dominated site within the York River. Chapter 2 
specifically addresses short-term processes affecting physical mixing within a select 
portion of the York River. Chapter 3 addresses seabed mixing and fine-scale strata 
formation for the entire York River. Based on cross estuarine transects of box and kasten 
cores as well as sidescan sonar surveys, a facies model is developed for the entire 
subestuary.
3
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER I
Seabed mixing and particle residence times in biologically and physically dominated 
estuarine systems: a comparison of lower Chesapeake Bay and the York River 
subestuary
ABSTRACT
Biologically dominated lower Chesapeake Bay and the physically dominated 
York River subestuary are contrasted in terms o f the dynamics of sediment mixing, strata 
formation, and seabed particle residence times. Two lower Bay sites were examined; both 
are located within the bay stem plains and are characterized by muddy sand and an 
abundance o f large, deep-dwelling organisms. X-radiographs indicate extensive 
biological reworking of sediments, with no long-term preservation of physical 
stratification. 2I0Pb profiles reveal low sediment accumulation rates at both lower Bay 
sites (<0. 1 cm y '1), but significant differences in biological mixing depths (25 vs 40 cm) 
and biodiffiisivity (>80 vs 6-30 cm3 y '1). In contrast, the York River site, located within a 
partially filled paleochannel, is predominantly mud with a depauperate benthic 
community dominated by small, short-lived, shallow-dwelling organisms. Although 210Pb 
accumulation rates at the York River site (<0.2 cm y '1) are similar to those measured in 
the lower Bay, there is little bioturbation. In addition, transient bed forms at the York 
River site form laterally persistent, linear ridges and furrows sub-parallel to the channel, 
spaced 10-20 m apart. These observations, coupled with evidence of episodic erosion and 
deposition from radioisotope and porosity profiles, and x-radiographs, suggest that the
4
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upper 60-120 cm of the seabed are dominated by physical mixing. Deep mixing and low 
accumulation rates result in long residence times o f particles in the mixed upper portion 
of the seabed (-102 y) at both locations, despite different mixing controls (i.e., biological 
(diffusive) versus physical (advective)).
INTRODUCTION
Interactions o f physical and biological processes in estuarine systems, and their 
affect on sediment mixing and particle residence times, are important for determining the 
fate and transport of sediment and the process o f strata formation. Particle residence times 
indicate the length of time that sediments remain within the mixed upper portion of the 
seabed before they are permanently sequestered as preserved strata (Nittrouer and 
Sternberg, 1981). Mixing is accomplished through physical and biological processes, and 
their relative dominance in depositional systems exists as a continuum between end- 
members. Because sediments can be efficient scavengers o f  contaminants, the nature of 
particle mixing has far reaching implications for their transport and fate (Bothner et al., 
1980; Officer and Lynch, 1989; Forbes and Forbes, 1994).
Physical mixing tends to be episodic and event driven, and through resuspension 
may "reset" sedimentary structures and seabed geochemical profiles (Sanford, 1992). 
Physical mixing is modulated on a variety o f frequencies and depths depending on the 
driving physical processes, such as wind, waves, tides, surges, etc. (Nittrouer et al., 
1983/1984; Kuehl et al., 1995). In contrast, the duration, depth and degree of sediment 
disturbance by biological processes depends on benthic community structure and its
5
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temporal and spatial variability (Rhoads et al., 1985; Rice, 1986; Schaffner et al., 
1987a&b). Since bioturbation is often slower and more continuous than physical mixing, 
sedimentary strata are affected by biological mixing primarily on longer time scales (Frey 
and Wheatcroft, 1989; Wheatcroft et al., 1991).
Sedimentary structures preserve a record o f the nature, magnitude, and sequencing 
of physical and biological processes that affect sedimentation (Kuehl et al., 1988; Frey 
and Wheatcroft, 1989; Schieber, 1990; Segall and Kuehl, 1994). Short-lived (days- 
decades) radioisotopes may be used in quantifying many of these processes such as 
sedimentation and mixing rates and depths (Krishnaswami et al., 1971; Koide et al.,
1972; Robbins and Edgington, 1975; Nittrouer et al., 1979; Nittrouer and Sternberg,
1981). Additionally, resolution of spatial and temporal variability in benthic communities 
can lead to significant insights regarding the nature and timing of sediment disturbance 
processes (Nittrouer and Sternberg, 1981; Rhoads et al., 1985; Schaffner et al.,
1987a&b). Interdisciplinary study of sedimentary structures, radioisotope geochronology, 
and benthic biology provide a powerful method for deconvolving the complex history of 
strata formation (Nittrouer et al., 1979; Nittrouer and Sternberg, 1981; Rhoads et al.,
1985; Schaffner et al., 1987a&b; Kuehl et al., 1988; Kuehl et al., 1995).
To investigate biological and physical controls on particle residence time and 
strata formation, sites within lower Chesapeake Bay and the York River subestuary are 
compared. The lower bay stem plains subenvironment is dominated by an active 
macrobenthic community which continually reworks the upper 10-50 centimeters of the 
seabed. The York River, a subestuary o f lower Chesapeake Bay, is physically dynamic 
and a restricted benthic community results in low bioturbation. These sites represent
6
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distinct end-members within lower Chesapeake Bay and provide ideal natural laboratories 
for comparing biologically- and physically-dominated estuarine systems.
BACKGROUND 
Applications of Short-lived Radioisotopes to Sediment Mixing and Accumulation 
Studies
Short-lived radioisotopes have been successfully used to quantify sedimentation 
rates, mixing rates and sediment fluxes across the sediment water interface 
(Krishnaswami et al., 1971; Robbins and Edgington, 1975; Nittrouer et al., 1979; Dukat 
and Kuehl, 1995). 7Be (T1/2 = 53 d), 2,0Pb (TI/2= 22.3 y), and 137Cs. (TI/2 = 30.1 y) have 
been selected for this study to investigate processes operating on seasonal to decadal time 
frames. Although these isotopes enter the estuarine environment by different pathways, 
generalities about their effective properties as tracers can be made. Once introduced into 
the water column from decay o f a parent isotope or direct input, it is assumed that the 
water column residence time is short compared to the isotope half-life. Additionally, it is 
assumed that the isotope is readily and irreversibly scavenged by particles within the 
water column (Krishnaswami et al., 1971; Nittrouer et al., 1979).
In the simplest case, if  sediment accumulation rate and specific activities o f the 
radioisotope are constant, then the vertical profile o f the radioisotope can be used to 
calculate an accumulation rate (A), using the following relationship:
7
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where: C0 = activity of radioisotope at an upper level, o, o f the profile (dpm g '1),
C. = activity of radioisotope at distance z below o (dpm g 1), and 
A = decay constant (y ‘).
This simple relationship is complicated by the effects o f bioturbation as described below.
Biologically M ixed Systems- Biological mixing has been modeled as a one dimensional 
diffusive process based on the assumption that the sum o f all biological mixing activities 
is integrated over time and, therefore, resembles diffusion (Aller and Dodge, 1974; 
Guinasso and Schink, 1975; Nozaki et al., 1977; Robbins et al., 1979; Wheatcroft et al., 
1990). A biodiffusion coefficient, analogous to standard Fickian diffusivity (Wheatcroft 
et al., 1990), can be estimated from profiles o f radioisotope tracers. Biodiffusivity is 
described under steady-state conditions (ignoring consolidation) by the following general 
form o f the Advection-Diffusion Equation (e.g., Bemer, 1971; Nittrouer et al., 1984):
S2C SC D ° ± - A — -XC=0
bz2 &
where: D  = mixing coefficient (cm2y 'l)>
C = concentration of radioisotope (dpm g '1),
A = sediment accumulation rate (cm y '1), 
z = depth (cm).
8
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Equation 2 can be solved to provide the general expression for accumulation:
d-3)
where Db = biodiffusivity (cm V 1).
If mixing is negligible {i.e., Db = 0), eq. 3 simplifies to eq. 1. If  mixing is present,
decay yields an overestimate o f true accumulation (Nittrouer et al., 1984).
If ADb» A 2, where mixing is intense and accumulation is low, eq. 3 reduces to:
Since predictions o f mixing coefficients typically require laboratory simulations that do 
not accurately replicate biological processes over suitable time frames, eq. 4 offers an 
empirical approach to measuring in-situ mixing rates (Nittrouer et al., 1984). To apply 
this technique, an estimation o f  Db is made using a regression o f the down-core 
distribution o f the tracer (Guinasso and Schink, 1975; Nozaki et al., 1977; Wheatcroft et 
al., 1990). If mixing is rapid relative to the radioisotope half-life, activities are 
homogenized in the mixed layer. Db values typically range from 10‘2 to 102 cm2 y '1 for 
fine-grained marine environments (Matisoff, 1982), values reported from Long Island 
sound range from 0.5 - 110 c m V 1 (Ailer and Cochran, 1976; Turekian et al., 1978; Aller 
et al., 1980; Matisoff, 1982), whereas Db has been estimated to be 0.21 cm2y‘‘ from a site
eq. 3 demonstrates that sole consideration of sediment accumulation and radioactive
(1-4).
9
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in the North Atlantic (Turekian et al., 1978).
Below the mixed layer, activity o f the isotope decreases logarithmically as a 
function of its half-life and the sediment accumulation rate, but may also be affected by 
deep, less intense bioturbation. Nittrouer et al. (1984) indicate that Db may decrease 
down core because the abundance of benthic organisms decreases with depth. 
Accumulation rates derived from 210Pb profiles below the intensely mixed surface layer 
using eq. 1 can overestimate the actual rate if  such deep mixing is present (see eq. 3).
One way to test for deep mixing is through the simultaneous profiling of l37Cs. Bomb- 
produced l37Cs was first introduced in significant quantities into the environment in 1954, 
with maximum inputs in 1962-1963 (Krishnaswami et al., 1971). Accumulation rates 
derived from 2l0Pb profiles can be tested by comparison with maximum depths of l37Cs 
penetration. If deep mixing has not affected the profile, the penetration depth should not 
exceed the sum o f mixed-layer thickness plus sediment accumulation since first input of 
137Cs (Nittrouer et al., 1983/1984).
The actual biological mixing processes can be far more complex than depicted in 
the simple diffusion analogy. Mixing is not one dimensional and horizontal mixing may 
be as significant as the vertical component. Wheatcroft et al. (1991) suggest that 
calculated biodiffusivity may significantly underestimate the mass transport when mixing 
is coupled with horizontal advection. However, we maintain that the calculation of 
biodiffusivity using the above approach provides a good first approximation for 
comparative purposes.
10
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Physically M ixed Systems- Viewed as a vertical, one-dimensional process, physical 
mixing occurs through cycles of erosion and deposition o f varying intensity. For sediment 
to accumulate and strata to form, net deposition must be greater than net erosion. Since 
strata formed through physical mixing are produced by a sequence o f short-term events 
{i.e., deposition and erosion), physical mixing is strictly an advective process. There have 
been several attempts to model physical mixing, most notably Smith (1977); Nittrouer 
and Sternberg (1981); and Sanford (1992), however, applications o f these methods are 
beyond the scope of this paper.
Strata formed primarily through physical mixing will exhibit sedimentary 
structure consisting of sediment packages separated by hiatal surfaces. The intensity of 
physical mixing relative to the rate o f accumulation will determine the degree to which 
these packages o f sediment are graded (Smith, 1977; Nittrouer and Sternberg, 1981). 
Hiatal surfaces result from erosional events and preserved strata represent intervals when 
deposition was greater than erosion. Because successive erosion may remove previous 
hiatal surfaces, not all erosional events are recorded. Additionally, erosion may occur 
between depositional events, as a result, the thickness o f each preserved depositional 
package may be less than that originally deposited.
Although physical and biological mixing are distinct processes and operate on 
different time-scales, strata can exhibit characteristics o f each. In terms of strata 
formation and the development o f sedimentary structures, physical mixing is an episodic, 
rapid, and destructive process. When sediment is deposited, physical sedimentary 
structures such as laminations or cross laminations are formed almost instantaneously. In 
contrast, bioturbation develops after initial deposition and slowly modifies the primary
11
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sedimentary structure. A system can be viewed as being primarily physically mixed if 
there is significant preservation of primary sedimentary structure, but if most or all have 
been obliterated by bioturbation, the system is dominated by biological mixing.
Study area
Chesapeake Bay is the largest coastal plain estuary along the Atlantic coast of 
North America and is comprised of drowned tributaries which constitute subestuaries. 
The main tributaries are the Susquehanna, Patuxent, Potomac, Rappahanock, York, and 
James Rivers. The bay is microtidal (M2 tide), with a mean range o f 90 cm at the mouth 
decreasing to 60 cm in the upper bay stem (Wright et al., 1992). Diurnal inequalities are 
minor and maximal surface tidal velocities exceed 100 cm s '1 (Ludwick, 1973; Chen, 
1978; Wright et al., 1992). Within the lower Bay, local wind stress can force water-level 
fluctuations over 3-5 day periods (Wang, 1979; Wang and Elliot, 1978; Wright, 1992). 
Wind generated waves with heights of 85 cm and periods o f  5 s are not uncommon, and 
1.3 m, 5.5 s storm waves have been observed (Wright, 1992). Less than 60% of wave 
energy resides in waves with periods of 6 s or less and ~30% in waves of <4 s periods 
(Boon et al., 1991). Chesapeake Bay is partially mixed with salinities at the mouth of the 
bay ranging from 28-32 (Stroup and Lynn, 1963), and 14-22 at the York River mouth 
(Brooks, 1983).
Lower M ain stem o f  the Bay- Lower central Chesapeake Bay is a broad, flat plain 
referred to as the bay stem "plains" (Wright et al., 1987). Two sites within the bay stem
12
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plains were examined: the Cherrystone (CS) and Wolf Trap (WT) sites. The CS site 
(Figure 1.1) lies in 12-15 m o f water on the eastern side of the bay stem plains, adjacent 
to a deep (30 m), narrow trough. WT lies in 11-12 m o f water and is located near the 
center of the bay stem plains, 7.2 km northeast of CS. During the 1994 field experiment, 
bed stresses were typically 0.10 - 0.14 Pa at both WT and CS but sometimes exceeded 
0.20 Pa at CS (Wright et al., 1997). Typically, velocities of near-bottom (1 m) tidal 
currents were 20 to 40 cm s '1, but wind-wave interactions may increase velocities (Wright 
et a l, 1987; Wright et al., 1997). Multiple in situ measurements o f critical shear stress 
(the stress at which the seabed begins to erode) revealed that critical shear stress is often 
approached or slightly exceeded (Wright et al., 1997). Suspended sediment observations 
from Opitical Backscatterance sensors have shown that a large volume o f  suspended 
sediments is transported through this system (Wright et al., 1997).
Benthos in the bay stem plains are well documented, consisting o f  communities of 
large, burrowing, suspension and deposit feeders (Reinharz et al., 1982; Dauer et a l,
1984; Schaffner et al., 1987a; Schaffner, 1990; Wright et al., 1997). Macro fauna density 
within the lower bay rarely exceeds 10,000 individuals m'2, but biomass can be as high as 
200 g wet weight m'2. During 1994, biomass was dominated by the sedentary u-shaped 
tube-builder Chaetopterus variopedatus at both sites (Wright et al., 1997), but this 
species does not play a large role in bioturbation. Most bioturbation is related to the 
large, head down, deposit feeding polychaetes Macroclymene zonalis, Clymenella 
torquata, Asychis elongata, and Pectinaria gouldii, and surface deposit feeders such as 
Loimia medusa (Schaffner et a l,  1987a; Schaffner, 1990). Although the seabed in this 
area is generally devoid o f bedforms and smooth at the Nikuradse roughness scale,
13
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surface and suspension feeders control small-scale bed roughness (Wright et al., 1987).
York River -The York River is a 50 km long subestuary o f lower Chesapeake Bay (Figure 
1.2). The modem channel is controlled by the antecedent geology of an incised paleo- 
river valley (Carron, 1976). Above Gloucester Point (Figure 1.1), the York River channel 
reaches a depth o f 30 m, but averages ~10 m. Although the channel is generally straight, 
at Page's Rock Light it bifurcates (Figure 1.2), reflecting the partial abandonment o f the 
western channel. This paleochannel is straight, ~ l km wide and 12 km long, with a broad, 
flat bottom ~5 m deep. The SW side of the paleochannel is rimmed by a broad flat shoal 
and on the NE side by a narrow shoal created by an inactive oyster reef separating the 
paleochannel and modem channel. The two York River sites, the Pod site and Site 2, are 
located within this partially filled paleochannel.
Multiple deployments of an instrumented tetrapod at the Pod site measured mean 
near bottom (lm ) current velocities of 20-40 cm s '1 with a maximum spring flood 
frictional velocity o f 2 cm s '1 and a maximum neap frictional velocity o f 0.7 cm s '1 
(Wright et al., 1996). Critical shear stresses measured from a flume carousel range from 
0.03 Pa to 0.08 Pa (mean critical friction velocities o f 0.55-0.89 cm sec'1 respectively) 
(Maa and Wright, 1997). Although frictional velocities during both spring and neap tides 
may exceed the critical shear velocity, the frictional velocities are much greater during 
the spring tide than the neap. Thus greater erosion should occur during spring tidal cycles.
Based primarily on studies of the James River subestuary (Figure 1.1), Nichols et 
al. (1991) developed a tripartite classification scheme for coastal plain estuaries, dividing 
the estuary into the mouth, funnel and meandering zones. Using this classification, the
14
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York River sites would be in the funnel zone because they are within the downstream 
limit of the turbidity maximum (Brooks, 1983; Friedrichs and Maa, personal comm.).
The funnel zone is defined as the tidally dominated portion o f an estuary that extends 
upriver through the turbidity maximum, is o f lower energy than the other two zones and 
is marked by rapid mud accumulation. Nichols et al. (1991) also state that cross channel 
variation within the funnel zone can exceed the along channel variations.
The benthic community within the funnel zone o f the James River is composed 
primarily of'opportunistic', shallow-living and/or surface feeding organisms (Schaffner et 
al., 1987b). A similar community has been reported for the York River study area (Dauer 
et a l, 1989) and other mesohaline (salinity 10-18) regions of Chesapeake Bay (Holland et 
a l,  1987). Bioturbation in the funnel zone can be intense but is limited to the upper few 
centimeters of sediment where the probability of erosion or physical reworking is highest 
(Schaffner et a l ,  1987b). As a result, physical processes tend to dominate the long-term 
fate o f particles in these regions (Olsen et a l,  1993).
Methods 
Field methods
Lower Bay Stem Plains- Monthly and bi-monthly cruises were conducted from Jan. 
1994-Dec. 1995 in the lower bay stem plains. Box cores were collected at CS during each 
o f the cruises and at WT during several of the cruises. In addition, on May 22, 1995, 
kasten cores were taken at both sites. Cores were sampled for x-radiography using a 
plexiglass tray, and one- or two-centimeter thick sections were removed at various
15
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depths, and homogenized for radioisotope and sedimentological analyses.
York River Secondary Channel- Kasten cores were collected in the secondary channel at 
the Pod site on Jan. 5, and at Site 2 on Sept. 9, 1995, and box and diver cores during 
several cruises in 1995-96; sampling was performed as described above. Over 40 km of 
side-scan sonar and fathometer surveys were conducted within the secondary channel 
section o f the York River to document the bottom morphology. Navigation was by 
differential GPS.
Lab Analyses
Radioisotope analyses - l37Cs and 7Be activities were measured using a semi-planar 
intrinsic germanium detector coupled with a multichannel analyzer. Samples were 
homogenized, packed
wet, sealed into 70 ml Petri dishes, and counted for ~24 hours. Net count rates were 
converted to activities using efficiency factors at the specific gamma-ray energies. 
Identical geometries were used for all samples.
2l0Pb activities were measured by alpha spectroscopy following the methodology 
of Nittrouer et al. (1979), where the daughter, 2l0Po, is separated by spontaneous 
electrodeposition from an acid leacheate onto a silver planchet. This procedure was 
modified by using a 209Po spike as the yield determinant and by using concentrated HNO 
and 6N HC1 to partially digest the sample. Supported ( ^ ^ a )  activities were estimated 
from total 210Pb values deep in cores where excess activities have decayed to negligible
16
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values.
Water content andporosity-SzmpXes for water content and porosity were collected when 
cores were subsampled for radioisotope analyses. About 30 ml of homogenized mud were 
placed in pre-weighed centrifuge tubes which were capped and brought back to the lab. 
The wet samples were weighed, oven dried at 50°C for a minimum o f 7 days, and re­
weighed to determine water content. Estimates o f  salt content and particle density were 
used to calculate porosity.
Grain size analysis- Select samples from the CS, WT, and the York River sites were wet 
sieved to separate the coarse fraction (>62.5 pm) which was dried and measured using a 
Rapid Sediment Analyzer (R.SA) settling tube. The fine fraction (<62.5 pm) was analyzed 
using a Sedigraph® 5100 Automated particle size analyzer.
X-radiography- X-radiographs were taken of plexiglass sub-cores using a Dinex 120-F 
X-ray unit set at 3 mA and 60 kv. Kodak Industrex redipack film was used and exposure 
times, depending on the density o f  the samples, varied from 45-120 seconds.
17
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RESULTS
Lower Bay Stem Plains
210P b /37Cs Geochronology- Profiles o f 2l0Pb activity for CS (Figure 1.3) show generally 
variable excess activities near the surface (0-5 cm) and more uniform at depth (10-20 
cm), suggesting a zone of intense mixing. Below the mixed zone, excess activities 
decrease rapidly. A 2l0Pb sediment accumulation rate o f 1 mm y '1 was obtained from the 
lower portion o f the KC 5-22-95 profile, the only kasten core taken at this site. 
Measurable activity of l37Cs occurs -4  cm below the base o f the surface mixed layer, 
which is consistent with the 210Pb accumulation rate. X-radiographs from this site (Figure 
1.5) show extensive burrows and mottling, reflecting intensive bioturbation, with no 
preservation o f physical stratification below 5 cm. Grain size at both sites is -50%  mud 
(Figure 1.6).
Although both sites are only -7  km apart and are within the bay stem plains, 
excess 210Pb profiles at CS (Figure 1.3) differ dramatically from those at WT (Figure 1.4). 
WT excess 2l0Pb activities decrease logarithmically with depth, lacking the interval of 
uniform activity found at CS. Excess 210Pb activities for WT 5-22-95 KC decrease 
logarithmically with depth to -40  cm, with the maximum depth o f l37Cs closely 
corresponding to the base o f excess 210Pb activity. WT 08-25-94 BC and WT 10-28-94 
BC have maximum depths of l37Cs of -23 cm, 137Cs was found at the base of WT 01-12- 
94 BC. Because l37Cs is at the base o f excess 2I0Pb activity in all cores for which we 
recovered complete profiles, sediment mixing (diffusion) likely controls the 2I0Pb profile
18
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and sediment accumulation rates could not be determined. This implies that sediment 
accumulation rates are low relative to the rate of biological mixing and can be ignored 
when calculating mixing coefficients. X-radiographs from WT (Figure 1.5) were similar 
to those from CS, exhibiting intense biological mixing with no stratification at depth. 
Based on the assumption that bioturbation is the dominant mixing component, using 
equation 4, biodiffiision coefficients were calculated for each o f the profiles (Figure 1.3 & 
1.4). For the CS profiles, only the middle portion of the curves, where excess 210Pb 
activities are nearly uniform, were used for the calculations. For the WT profiles, the 
entire interval from the surface down to the where the excess activity falls below 0.1 dpm 
g '1 was used. Because mixing rates for CS are based on regression lines which, within the 
range o f error, are nearly vertical, only a minimum value could be placed on these 
biodiffusivities. In the case of CS 5-22-95, regression analysis did not yield a significant 
decrease in activity over the depth of mixing. To estimate the minimum biodiffuisvity for 
this core, C0 was modeled by adding one standard deviation to the surface activity and C. 
was modeled by subtracting one standard deviation from the bottom activity. Note that 
the mixing rates for CS range from nearly a factor of 3 to an order o f magnitude greater 
than those at WT.
7Be Time Series- Box cores from CS were used to develop a 24 month time series o f 7Be 
penetration depth. Since the long-term sediment accumulation rate for this site is <1 mm 
y '1 and 7Be has a half-life o f 53 days, 7Be found below the upper few millimeters surface 
must be a result o f  either physical or biological mixing. The 7Be time series (Figure 1.7) 
generally reveals deep mixing in the summer and winter with shallower mixing in the fall
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and spring.
York River
Side-scan sonar- A side-scan sonar survey conducted over the York River secondary 
channel in January, 1995 showed extensive linear, channel parallel ridges and furrows 
(Figure 1.8). The crest spacing o f the ridges ranges from 2-8 m. Fathometer surveys 
provide an upper limit o f 0.2-0.5 m for the relief o f the ridges. Four more surveys were 
conducted over the Pod site during the fall o f 1996, o f these five surveys, three were 
conducted during a peak spring tide and two were conducted during neap tide. Ridges and 
furrows were observed during both of the neap tide surveys, but were absent at spring tide 
conditions.
2,0Pb Geochronology and Sedimentary Fabric- Kasten cores were collected at the Pod 
site on Jan. 5, 1995, and at Site 2 on Sept. 11, 1995. Grain size analyses reveal fine­
grained sediment with little sand and slightly more silt than clay (Figure 1.6). Figure 1.9 
shows excess 2l0Pb activity and porosity profiles for both cores. In both cores there appear 
to be two segments o f nearly uniform excess activity, with the activity decreasing 
logarithmically below. Calculated 210Pb sediment accumulation rates for these cores are 2 
mm y '1. Based on this value, l37Cs should occur 8 cm below the base o f mixing, however 
the sample intervals do not allow for enough resolution to determine if the lower portion 
o f the profile was affected by mixing, consequently this accumulation rate will be 
assumed to be a maximum rate. The intervals o f uniform excess activity suggest deep
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mixing: 40 cm for the Pod site and 110 cm for site 2. Note that porosity also decreases 
significantly below the maximum depth o f 137Cs. A box core x-radiograph form the Pod 
site (Figure 1.10A) shows packages o f sediment, 5-10 cm thick, separated by hiatal 
surfaces. Although somewhat altered by bioturbation, primary physical laminations are 
well preserved. Similarly, an x-radiograph from the Site 2 kasten core (Figure 1.1 OB), 
located 1 km south o f the Pod site, shows well preserved physical laminations.
DISCUSSION 
Bay Stem Plains
Sedim ent M ixing Regime- The summer x-radiograph CS 07-28-94 (Figure 1.5 A) shows 
a heavily mottled surface with well developed burrows and little evidence of physical 
lamination, suggesting intensive bioturbation. The winter x-radiograph CS 01-12-94 
(Figure 1.5B) reveals physical laminations down to a depth o f 3 cm, equivalent to the 7Be 
penetration depths, suggesting that relatively deep penetration of 7Be in winter is due to 
physical mixing. In addition, 7Be penetration depth (~4 cm) was the deepest observed. In 
the fall and spring, when shear stress are low, physical mixing is reduced, biological 
activity is at intermediate intensity, and depth o f 7Be is at a minimum. The radioisotope 
data and the x-radiographs suggest that there is a transient surface layer affected both by 
erosion/deposition and biological reworking. Although physical mixing probably occurs 
throughout the year, evidence of physical mixing is only preserved in winter, when 
bioturbation is minimal. In summer, evidence o f physical mixing is quickly obliterated 
by intense bioturbation. This summer-winter phasing o f physical/biological reworking
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was previously noted for the bay stem plains by Schaffrier et al. (1987). Although there is 
not as complete a data set for WT, the shallow transient layer appears to be thinner or 
missing. This may reflect lower energy conditions found at WT, suggesting the seabed 
surface there does not undergo as much physical mixing. Wright et al. (1997) observed 
what was termed a ‘ubiquitous “fluff” layer’ present at CS but absent from the WT site. 
Additionally, Wright et al. (1997) found less evidence for physical reworking o f the 
sediment-water interface at the WT site.
Below the transient surface layer, CS 210Pb profiles contain intervals o f nearly 
uniform excess activity and sediments are completely bioturbated. Biodiffusion has 
transported excess 210Pb and l37Cs to depths far greater than the 2-4 cm which would be 
predicted by sediment accumulation alone. It is assumed that on the decadal time frame 
over which these isotopes integrate, the biological mixing depth remains relatively 
uniform and as sediment accumulates, the entire zone o f mixing moves upward. This 
assumption allows us to estimate sedimentation rates based on the decay of excess 2l0Pb 
below the mixing zone. The maximum depth of l37Cs below the intesely mixed surface 
layer can be used as a check for the possibility o f deep slow mixing which could affect 
the 210Pb accumulation rate (e.g. Nittrouer et al., 1983/84).
Minimum values of biodiffusivity range from 80-172 cm2y'' with mixing depths 
from 17-25 cm. Biodiffusivities at WT were considerably lower, 6-30 cm2y'‘, but mixing 
depths o f 21-40 cm were similar or greater than those at CS. Based on diver observations 
and box core dissections for both sites, differences in the mixing depths at the two sites 
(WT>CS) can be explained by enhanced densities o f deep burrowing shrimp at WT.
Large differences in biodiflusion rates were unexpected, but may be explained by subtle
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changes in the biota associated with an increased dominance o f head-down feeding 
polychaetes at CS. Previous studies o f Schaffner et al. (1987a) and Dauer et al. (1987) 
provide evidence for a gradient in organism-sediment interactions along the north-south 
axis of the bay stem plains, consistent with gradients o f salinity and hydrodynamic 
conditions. Toward the energetic, southeastern bay mouth region where the CS site is 
located, salinity is higher, sediments are predominantly very fine sands and the 
macrofaunal assemblages are dominated by large populations o f head-down deposit 
feeding polychaetes, especially maldanids. Moving north and west, away from the bay 
mouth, salinity decreases, sediments become increasingly silty and the macrofauna 
assemblages become increasingly dominated by surface-feeding tube-builders. The WT 
site, which is north and west of CS, is expected to have only slightly lower average 
salinities and slightly finer sediments than CS. However, the dominant maldanid o f the 
lower Bay (Macroclymene zonalis) is relatively stenohaline (Schaffner, 1987) and its 
abundance is restricted at WT in some years due to reduced or variable salinity 
(Schaffner, 1990).
X-radiographs from both sites (Figure 1.5) are heavily mottled with abundant 
burrows. There is no preservation o f physical stratification below the surface, suggesting 
that the sediments are completely biologically reworked over time. Although the entire 
bay stern plains is subject to winter crab dredging (Schaffner and Diaz, 1987a; Schaffner 
and Diaz, 1987b), this practice is normally restricted to water depths <10 m. No evidence 
o f crab dredging was observed in the x-radiographs, and evidence of previous dredging 
would have been destroyed by biological mixing.
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Equilibrium Surfaces- Olsen et al. (1993) posit that physical processes act to establish 
and maintain a sediment surface in dynamic equilibrium with respect to benthic boundary 
layer currents in coastal systems. When benthic boundary layer currents are weaker than 
critical shear velocity, conditions are appropriate for sediment accumulation. When 
boundary layer currents exceed the critical shear velocity the seabed will erode. Boundary 
layer currents that are maintained within the range o f the critical shear velocities will 
result in no net accumulation and sediments will bypass the site.
Wright et al. (1997) characterized the bay stem plains as near-equilibrium, where 
the duration o f time for which the system underwent erosion was nearly equal to the time 
it underwent deposition. Olsen et al. (1993) propose that wave energy is the major 
mechanism which drives the seabed from equilibrium, and results in changes in seabed 
elevation. However, Wright et al. (1997) found that temporal changes in biological 
activity can lead to changes in biologic roughness which may significantly alter the 
critical shear stress of the seabed, regardless o f wave climate. When the seabed undergoes 
physical mixing, much of the biologic roughness is removed. Wright et al. (1997) also 
found that the organisms themselves were a major roughness element, and they suggest 
that biological roughness decreases in the winter when the benthos becomes less active. 
Results o f  this study are consistent with their findings that physical mixing is more 
dominant in winter than in summer.
The measurements o f Wright et al. (1997) were typically logged as time series 
data during two week deployments. This study has investigated the integrated products of 
the same system over longer time frames (monthly-decadal). The long-term sediment 
accumulation rate at the CS site is low, 1 mm y*1, indicating that on decadal time frames
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the system has maintained nearly an equilibrium surface, where sediment primarily 
bypasses the site. Although CS is exposed to continual episodes o f shallow erosion and 
deposition, the active benthic community reworks the sediments to depths of 17- 25 cm 
and there are no physically generated sedimentary structures preserved below the surface. 
We assume that the WT site has also been maintained as an equilibrium surface. Since 
mixing rates are relatively low for this site compared to CS and mixing still dominates 
the profile, we conclude that the long-term accumualtion rate for this site is low, 
presumably the same order as the CS site.
York River Secondary Channel
Sediment M ixing Dynamics- Sediment transport data from the Pod site (Wright and 
Maa, in prep.) suggest that the secondary channel seabed has the potential of being highly 
dynamic, however, physical mixing to depths ranging from 40-120 cm were greater than 
expected. The radioisotope profiles from both cores (Figure 1.9) suggest similar 
depositional histories. Each core appears to have recorded two episodes o f deep mixing, 
an older, deeper episode with a younger, shallower episode superimposed. However, the 
x-radiographs (Figures 1.10A&B) show that these profiles actually result from a series of 
decimeter-scale mixing events.
Because the Pod site and Site 2 are 1 km apart and are in approximately the same 
position relative to the axis o f the river, we expected that porosity profiles from these 
sites would be similar. However, surface porosities differ by -5%  between these cores. If 
the porosity profiles are correlated using the maximum depth o f 137Cs as a common
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datum, the Pod site core must be shifted up 70 cm relative to the Site 2 core. This yields a 
good match between the two profiles (Figure 1.9), excess 2l0Pb activity profiles are 
similar in shape and depth of excess activity. The discrepancy between the Pod site and 
Site 2 cores results because ~70 cm o f sediment have been eroded at the Pod site. This 
interpretation is also consistent with an analyses o f excess 21()Pb inventories from these 
two cores. The excess 210Pb inventory for the entire Site 2 core is 137.95 dpm cm'3 (110 
cm of mixing) as compared with 87.42 dpm cm'3 (50 cm mixing depth) for the Pod site 
core. However, integrating the excess activities o f both cores from their l37Cs datum up 
61 cm yields similar excess activity inventories (78 and 67 dpm cm'3 respectively). The 
discrepancy in the excess activity inventories for the entire cores appear to reflect the 
recent history o f erosion/deposition in the area.
These cores were taken 9 months apart, the Site 2 core, which was the more recent 
core, has 70 cm more sediment and a correspondingly higher inventory. The x- 
radiographs from the Site 2 core show the sediments in the upper 70 cm occurs in 
decimeter-scale packages of laminated sediment that are separated by hiatal surfaces, 
suggesting that these sediments were deposited in a series o f small events. However, the 
210Pb profiles have recorded only two episodes o f mixing. The discrepancy between the 
radioisotope profiles and the x-radiographs is probably due to processes acting over 
different time scales. The 210Pb profiles reflect processes acting over decades, but the 
sedimentary structures depicted in the x-radiographs may have been formed during short­
term events that cannot be resolved at the longer time scale. Presence o f some 
bioturbation in nearly every package suggests time scales o f months.
The seabed furrows found at the York River Site offer important clues regarding
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the complexity o f seabed dynamics within the secondary channel. Flood (1983) attributes 
furrows in some fine-grained environments to secondary currents. Similar features have 
been observed in a variety o f settings and water depths as deep as 100 m (Viekman et 
al., 1989). Although both Flood (1983) and Viekman et al. (1989) attribute the source of 
secondary currents to result from langmuir circulation, other sources o f  secondary 
currents could presumably result in similar features. Huzzey and Brubaker (1988), 
working in the same portion o f the York River as our study, documented secondary flow 
resulting from intratidal differences in density and current speed across the axis o f the 
estuary. These density differences result in horizontal pressure gradients which at times 
may be sufficient to generate localized lateral secondary circulation (Huzzey, 1988). If 
these features are depositional rather than erosional, than the lower tidal velocities during 
non-Spring tide stages could allow for the linearization of these sediments via secondary 
currents. The features are probably destroyed during spring tide conditions, when the 
seabed shear stress is relatively high. There may be other causes for secondary circulation 
within the York River secondary channel. However, the presence of ridges and furrows 
indicate such currents probably exist, appear to be transient, and may have produced part 
o f the short-term mixing in the upper seabed. Further study of the temporal and spatial 
scales o f furrow formation is needed to determine if these features are responsible for the 
decimeter-scale events depicted in the 
x-radiographs.
Within the York River secondary channel, boundary layer processes appear to 
affect sediment mixing on a variety o f time scales. Spring-neap cycles lead to mixing that 
results from differences in bed shear stress. Additionally, during the neap tide there
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appears to be secondary currents which produce sedimentary furrows that are 
subsequently destroyed during the spring tide. Over longer time periods, the :i0Pb profiles 
indicate deep physical mixing which may be a result o f  infrequent storms or perhaps 
strong freshets; these deep mixing events remove much o f  the signal o f  the shorter term 
processes. Each o f these physical processes results in a resetting o f  the sedimentary 
structures and geochronology of the sediments which are disturbed. Consequently, the 
sedimentary record shows evidence o f  only a small fraction o f  the total number o f  mixing 
events.
Particle Residence Times
A simple estimate o f particle residence time can be made by dividing the mixing 
depth by the accumulation rate (Nittrouer and Sternberg, 1981). Inherent to this approach 
is the fact that residence time is linked to the time frame for which accumulation rate and 
mixing depth are measured. Residence times calculated using sediment accumulation 
rates and mixing depth estimates from the ‘10Pb geochronology provide an integrated 
view o f  particle dynamics over a decadal time scale (Table 1).
Figure 1.11 summarizes sediment mixing dynamics at the York River and bay 
stem plains sites. Mixing in the secondary channel is -0.5-1.2 m deep and is dominated 
by deep physical mixing with only limited biological mixing. In comparison, the 
sediments o f  the bay stem plains are marked by intense and deep biological mixing (0.25 
- 0.4 m) with a shallow, transient component o f  physical mixing. Sediment accumulation 
at both sites is ~0. 1 cm y '1. Although the causes and dynamics o f  sediment mixing for
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these two sites are significantly different, the rate o f  sediment accumulation and 
residence times are similar (Table 1).
Despite century-scale particle residence times at both sites, differences in mixing 
regime can be quite significant when considering issues such as the fate and transport of 
particle bound contaminants or particulate organic matter. In contrast to physical mixing, 
where the entire unit of sediment being mixed is instantaneously resuspended, 
biologically-induced resuspension only reintroduces a portion o f  the sediment to the 
water column during each event. Additionally, when considering such issues as anaerobic 
degradation o f  organics or other materials dependent on redox conditions, the processes 
o f  physical and biological mixing may produce completely different results. For 
example, biological activity generally results in significant small-scale changes in Eh 
around a burrow or tube, and bioturbation can produce gradients in Eh from well- 
oxidized to intensely reducing conditions, consistent with the intensity and depth o f  
bioturbation (Aller, 1982). In contrast, after each physical mixing event the Eh profile 
will be completely reset and the sediment column may rapidly return to largely reduced 
conditions. Additionally, each physical mixing event recycles dissolved components 
including nutrients, as well as organic material stored within the sediments. In the York 
River, where up to a meter o f  sediment is recycled regularly, this provides a large 
reservoir o f  nutrients and organic material, which previously has not been considered.
The residence time o f  the particle within the mixed zone will determine how long the 
particle will remain active within the system, but mixing dynamics may determine the 
ultimate fate o f  particle-bound contaminants.
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CONCLUSIONS
Within the lower bay stem plains, biological mixing is the primary control on 
long-term sediment mixing. In summer, biological roughness is at a maximum and 
critical bed shear stress is at a minimum, consequently, sediment transport is high. This is 
beneficial for the benthos, resulting in extremely intense biological mixing, and the loss 
o f  any evidence for physical sediment mixing. In the winter, the benthic activity is at a 
minimum and the seabed is less susceptible to erosion, but wave energy is at a maximum. 
Some x-radiographs taken in the winter show evidence o f  physical mixing o f  the upper 
few centimeters o f  the seabed, but these sedimentary structures are destroyed once the 
biological activity increases in the summer. Additionally, there is a gradient along the 
axis o f  the bay stem plains, from coarser sediment near the bay mouth to finer grained 
sediments up the bay. Concomitant with this textural gradient is a shift from head-down 
deposit feeders in the coarser sediments to surface deposit feeders in the fine grained 
sediments. This gradient in feeding mode is reflected in the biodiffusivity rates. CS has 
coarser grained sediments and order of magnitude higher biodiffusivity than WT. The 
lower bay stem plains appear to represent an equilibrium surface, although a large volume 
of suspended sediment and bed-load sediment may pass through the system, sediment 
accumulation rates are low (~1 mm y '1).
Within the York River secondary channel, the seabed dynamics are complex. 
Bottom current velocities often exceed the critical shear velocity and lead to bed erosion. 
In addition, the presence o f  ridges and furrows suggest transient secondary currents that 
develop under neap conditions. The net effect is a highly dynamic seabed which results in
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a continual cycle of erosion and deposition producing deep physical mixing. Because the 
seabed is highly disturbed, the benthic community is quite restricted and bioturbation is 
low.
Although sediment mixing within the bay stem plains is controlled by different 
processes than those o f the secondary channel o f  the York River, long-term residence 
times are similar. However, when considering the cycling o f  particle bound contaminants, 
the type o f  sediment mixing can be as important as the particle residence time in 
determining the ultimate fate o f  these particles. The potential for the contaminated 
particles to be reintroduced into the water column in the York River is far greater than for 
the bay stem plains. However, the potential for these particle-bound contaminants to be 
ingested by macrobenthic organisms, and hence moved to higher trophic levels, is much 
higher in the bay stem plains. A more complete understanding o f the physical, biological, 
and coupled physical-biological processes which control the mixing of sediments is 
needed to effectively make predictions regarding the fate and transport o f  particle bound 
contaminants.
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TABLE 1-1
Mixing Depths, Accumulation Rates and Residence Times
Site Depth of Mixing Accumulation Rate Residence Time
Cherrystone 25 cm <0.1 cm y '1 >250 y
York River Pod Site 40 cm <0.2 cm y‘‘ >200 y
York River Site 2 110 cm <0.2 cm y '1 >550 y
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Figure 1.1. Base map showing the W olf Trap and Cherrystone sites in the lower bay 
stem plains and the York River site.
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&
Figure 1.2. Base map showing secondary channel section o f the York River as well 
the Pod site and Site 2, side-scan sonar track line 9 and fathometer line 10.
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Figure 1.3. Seabed profiles o f 210Pb activity from two box cores and a kasten core each 
collected at the Cherrystone Site at different times. All three profiles 
display a layer o f variable activity at the surface (transient layer) which 
results from ephemeral deposition and erosion. Below the transient layer, 
is a layer o f nearly uniform activity, which is interpreted to result from 
intense biological mixing. Biodiffusion coefficients derived from this 
portion o f  the profiles are minimum values because the gradient is nearly 
vertical, within error o f the 210Pb measurements. Below the mixed layer is 
the zone o f accumulation where long-term preservation o f strata occurs. 
Sediment accumulation rates estimated from CS 5-22-95 ICC are 1 mm/y 
based on 2l0Pb/l3/Cs geochronology.
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Figure 1.4. Seabed profiles o f 2l0Pb activity from W olf Trap Site at different times. In 
contrast to the Cherrystone site (Figure 1.3), surface transient layer is 
notably absent from these cores, however, all four profiles display a layer 
o f decreasing activity with depth, which is interpreted to result from deep 
biological mixing. Because the entire profile is dominated by mixing, 
accumulation rates could not be calculated for this site, but are presumed 
to be similar to that measured at Cherrystone (~lm m/y). Biodiffusivity 
(Db) were calculated for each core yielding values factor o f three to order 
o f magnitude lower than those at Cherrystone.
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Figure 1.5. X-Radiograph positives from Cherrystone and W olf Trap. All o f  the bay 
stem plains x-radiographs contain abundant burrows and tubes, a fabric 
that reflects intensive biological reworking. The surface (0-3 cm) o f CS 
01-12-94 has physical laminations resulting from winter storm activity, 
however, these laminations are not preserved at depth nor are they 
preserved at the surface throughout the year. Note that there are no such 
laminations in CS 07-28-94 taken in mid-summer. In general, there is little 
difference in fabric between the WT and CS cores.
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Figure 1.6. Ternary diagram showing the distribution o f grain sizes at each o f  the sites 
in this study. The bay stem plains is comprised o f muddy sands and the 
York River is comprised almost exclusively o f  muds.
52









s - i!7T ■h \ w
ZJ H





Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Sand
Figure 1.7. Time series showing seabed penetration depths o f 7Be from Cherrystone.
Because the long-term sediment accumulation rate at this site is low ( 1 
mm y '1) the depths o f 7Be for each sampling reflects depths o f  shallow 
mixing. In general, 7Be penetration is higher in the summer when 
biological activity was at its peak and winter when physical mixing was at 
a maximum, and shallower in the fall and spring.
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Figure 1.8. Side-scan sonar and fathometer images from the York River Secondary 
channel over the York River Pod Site showing channel parallel ridge and 
furrows during the 01/04/95 neap tide. Surveys conducted during spring 
tides show that the bottom was devoid o f any bedforms. The fathometer 
images give an upper limit o f  -3 0  cm to the relief o f these features. 
Locations o f the track lines are on Figure 1.2.
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Figure 1.9. A comparison of the seabed profiles of excess 210Pb activity and porosity 
from kasten cores at the Pod Site and Site 2 within the York River Secondary channel. 
Both show upper segments o f nearly uniform 2l0Pb activity which is attributee to deep 
physical mixing. The maximum depth of l37Cs is used as a datum for a comparison of the 
physical mixing depths. Note that these cores were taken about 1 km apart (see Figure 
1.2 for locations), with the Pod Site core being taken 9 months prior to the Site 2 core. 
Both cores reflect similar depositional histories, with an upper interval o f  higher activity 
with a lower interval o f  diminished activity, suggesting two episodes o f disturbance, an 
older, deeper one, with a younger shallower one superimposed. The 21(>Pb inventories (see 
text for explanation) as well as the suppressed surface porosity in the Pod Site core 
suggest that the Pod Site core underwent approximately 70 cm o f erosion. The 
accumulation for this site is <2 mm/y, based on 2IOPb/l37Cs geochronology.
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Figure 1.10. X-radiograph positives from the York River secondary channel. The Pod 
site x-radiograph (A) has at least four sequences of sediment separated by hiatal surfaces. 
Note that there is some evidence o f burrowing on each of these surfaces, suggesting that 
each package of sediments was near the surface long enough for colonization to begin 
prior to burial. Although there is some burrowing within each of these sequences, 
physical laminations are prevelent throughout, suggesting that the strata are primarily 
controlled by physical mixing. The Site 2 x-radiograph (B) was taken deeper in the core. 
Note that the undulating hiatal surface at -120 cm is the base of the surface mixed layer 
in Figure 1.9. This surface has undergone extensive colonization, note the angel wing 
(Cyrtopleura costata) shell preserved in life position within its burrow. Above this hiatal 
surface, the sediments are finely laminated with few biological structures.
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Figure 1.11. A conceptual diagram comparing the bay stem plains with the York River. 
The York River secondary channel system is depicted as being dominated by physical 
processes, including the migration o f large ridge and furrow systems, with a minor 
component of biological mixing. The bay stem plains is depicted as having deep 
biological mixing and shallow physical mixing. Although the mixing mechanisms of 
these two system are considerably different, the sediment accumulation rates and particle 
residence times (100’s y) are comparable.
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Transient, longitudinal, sedimentary furrows in the York River subestuary, 
Chesapeake Bay: furrow evolution and affects on seabed mixing and sediment 
transport 
ABSTRACT
Sedimentary furrows have been observed in a variety of settings ranging from the 
deep ocean and lake bottoms to shallow estuaries, and are normally thought to be 
persistent, long-term features o f the seabed. A series of 10 sidescan sonar surveys over 
the course of three years reveals that transient, longitudinal sedimentary furrows regularly 
form and then dissipate within the middle portion of the York River. Observations of 
furrows have been restricted to a generally flat portion of the river which comprises a 
secondary channel. Varying furrow morphologies were observed depending on tidal flow 
conditions, ranging from: 1) no bed forms during the higher flow conditions such as those 
which occur during some spring tide; to 2) large patches of meandering furrows as the 
mean flow decreased; to 3) large, variably spaced (1-7 m), linear furrows with smaller 
furrows filling the space between the larger furrows, during the low flow conditions, such 
as during neap tide.
Based on 2l0Pb and 137Cs profiles of kasten cores taken within the secondary 
channel, physical mixing o f the seabed occurs to depths o f 130 cm. Differences in 
mixing depths of~25 cm between cores collected <2 m apart reveal a high degree o f 
small-scale spatial heterogeneity within the seabed. By documenting the position of
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kasten cores using a digital sidescan sonar system, it was revealed that a core taken within 
a furrow had a mixing depth 15 cm shallower than an adjacent core taken between 
furrows. A time series of mixing depths over the 35 months of the study reveals that, 
along with the ~25 cm scale differences in mixing depths due to the formation and 
destruction o f furrows, there is a longer temporal signal o f  mixing producing 100 cm 
scale changes in mixing depths on the annual to interannual time frame. Although the 
formation and destruction of the furrows appears to be a significant process contributing 
to decimeter-scale seabed mixing, there is a longer term process which is controlling the 
meter-scale seabed mixing.
INTRODUCTION
Sedimentary furrows are rectilinear bedforms in fine-grained sediments that are 
aligned with the direction of flow. They have previously been described as a product of 
stream-wise helical flow, the spacing o f the furrows being controlled by the spacing of 
the helical cells (Flood, 1981). Sedimentary furrows have been observed in a variety of 
settings ranging from the deep ocean (Cochonat et al., 1989) to the Hudson River (Flood 
and Bokuniewicz, 1986). Nearly all o f  the furrows reported to date appear to be 
persistent, long-term features of the seabed. The first furrows observed in nature were 
found to have remained in the same place for at least 12 years (Flood, 1981) and furrows 
observed in the bottom of Lake Superior are estimated to have been in place for at least 
9,000 years (Flood, 1989). In nearly every case, the furrows formed and were maintained 
during high-flow conditions for the environment. These conditions often only existed for
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short periods o f time (minutes to months) after which the furrows became dormant (Flood 
and Hollister, 1980; Flood and Johnson, 1984; Flood, 1989; Coleman et al., 1981).
Seabed features, initially described as ridge and furrow bedforms, were first 
observed in the Yorlc River on Jan. 5, 1995 (Dellapenna et al., 1998). However, the 
seabed in the region of these features is quite soft, with the consistency occasionally 
approaching that o f a fluid mud (Maa and Wright, 1999); consequently, the idea of this 
seabed being capable of supporting bed forms was quite suspect. Subsequent sidescan 
sonar surveys o f the site have revealed that these features are transient, often appearing 
only during neap tides (Dellapenna et al., 1998) when the mean tidal currents are the 
lowest. This would also likely be when the fluid mud, if present, would be the thickest. 
Additionally, Dellapenna et al. (1998) documented physical mixing within the seabed to 
depths in excess of 1 m in the portion of the York River where the bedforms have been 
observed. Since furrows are generally considered to be stable, questions remain 
regarding the possible origin of such features in the York River. Are the “furrows” 
observed in sidescan sonar in the York River seabed features or do these features actually 
exist at the surface of fluid mud, perhaps as internal waves? What is the geometry of the 
furrows and is there a link between the formation of the furrows and the deep seabed 
mixing found at this site? These issues are addressed through time-series observations 
using high-frequency sidescan sonar coupled with sedimentological and geochronological 
analyses o f kasten cores to address temporal and small scale spatial heterogeneity at the 
York River site.
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BACKGROUND
Sedim entary Furrow s
Sedimentary furrows were first reported by Allen (1969) as a result o f a series of 
experiments using sand-free, settled clay in a non-recirculating flume. With low flow, 
sediment transport was initiated via longitudinal rectilinear streaks. As flow was 
increased, these streaks evolved into longitudinal, rectilinear furrows (erosional features), 
as flow was increased more, these furrows began to meander, developing branches and 
flutes. With very intense flow, bed failure occurred. At the time o f these experiments 
there were no reported analogues of longitudinal, sedimentary furrows in fine-grained 
cohesive sediments in natural settings. The first reported observation of “sedimentary 
furrows” was by Dyer (1970) in Southampton Water. These furrows were observed using 
a transit sonar and an echo sounder. Subsequently, furrows have been observed in a wide 
variety o f settings, ranging from the deep sea to shallow estuaries, for example: on the 
Samoan Rise (Lonsdale et al., 1973), on the Bahama Outer Ridge (Hollister et al., 1974; 
Flood, 1978, Flood and Hollister, 1980), on the Bermuda Rise (Embley et al., 1978), on 
the Saharan Rise (Lonsdale, 1978; Embley et al., 1980), at the Titanic wreck site 
(Cochonat et al., 1989) down-slope of the Mississippi delta front, seaward o f active 
mudslides (Coleman et al., 1981), on the floor of Lake Superior (Johnson et al., 1980; 
Flood and Johnson, 1984; Flood, 1989; Viekman et al., 1989; Viekman et al., 1992), and 
in the Hudson River (Flood and Bokuniewicz, 1986). Detailed studies o f sedimentary 
furrows have been conducted in both the Southampton Water and Lake Superior.
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Southampton Water is a muddy, partially stratified estuary, which is regularly 
dredged to maintain a shipping channel (Dyer, 1970). Within this system, Flood (1981) 
found that the furrows, which are 0.5-15 m wide and 0.1-3 m deep, were quite stable 
features, many having existed for at least 12 years. The furrows resulted from short 
periods o f erosion followed by long periods o f deposition. He also found that smaller 
furrows developed over a period of a few months but were not always stable. It was 
observed that the furrows were sites o f accumulation o f light, coarse debris, such as shells 
and branches. This debris apparently helps maintain the furrows, as the debris moved 
through the furrows they initiate erosion. In addition, cockle shells occurred in the 
troughs, and scouring around the cockle shells provided additional erosion. During low 
flow stages, sediment was deposited in and around the furrows, narrowing the furrow 
width. The furrows are thought to initiate during episodic higher-flow conditions such as 
storm events.
Initial surveys of the bottom of Lake Superior identified sedimentary furrows 
(Johnson et al., 1980; Flood and Johnson, 1984) using sidescan sonar and echo sounders. 
The site is at a depth of 240 m off of the Keweenaw Peninsula. Flood (1989) conducted a 
submersible dive on the site and found that the furrows were quite large and persistent, 
ranging from 3-5 m wide and 0.5-2.0 m deep. From the submersible, box cores were 
collected and based on extrapolations from 210Pb accumulation rates, the furrows were 
estimated to have existed for at least 9,000 yrs. Flood (1989) also determined that these 
furrows were maintained by strong bottom currents (28.5 cm/sec at 10 m above the 
bottom) which are active during the fall, winter, and spring when the lake is poorly 
stratified. As with the Southampton Waters, it is only the strongest currents that initiate
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and maintain the furrows.
Flood (1981) developed a conceptual model linking helical flow to the formation 
o f  sedimentary furrows. In this model, helical flow is a  form o f  “organized bottom 
turbulence,” creating secondary bottom currents which converge where two helical cells 
upwell and diverge where the cells downwell. Flood (1981) used the same model (also 
invoked by Dzulynski (1965) for the same purpose) to explain the formation o f sand 
ribbons, another longitudinal, rectilinear bed form. A ccording to this model, in fine­
grained cohesive sediments, the coarse fraction which is present also converges and 
interaction o f the lineated coarse fraction with the underlying cohesive bed leads to the 
erosion o f  a furrow. Both in the Southampton Water (Flood, 1981) and Lake Superior 
(Flood, 1989), light, coarse material, such as shell fragments and plant debris were found 
in the furrows. The presence o f the furrows reinforces the helical flow and where the 
current is persistent the furrows evolve into quite large, long-lived structures.
The conceptual model developed by Flood (1981) was tested in Lake Superior 
(Viekman et a l., 1989,1992). In these studies, to investigate the formation o f secondary 
currents, an array o f  Cyclesondes were setup on the bottom  o f  the lake, on either side o f a 
sedimentary furrow to measure the current. From these current measurements, they were 
able to document that there is stream-wise vorticity aligned with the furrows, suggesting 
that the stream-wise helical flow exists in conjunction w ith sedimentary furrows.
The Study Site
The York River is a 50-km long microtidal subestuary o f  lower Chesapeake Bay
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(Figure 2.1). The modem channel is controlled by the antecedent geology o f  an incised 
paleo-river valley (Carron, 1976). Below Gloucester Point (G-P) the river is wide with a 
broad shoal on the north side and a narrow shoal on the south side, the channel reaches 
depths o f 33 m, but averages ~22 m. Above G-P (Figure 2.1), the York River channel 
reaches a depth o f 30 m, but averages -1 0  m. Although the channel is generally straight, 
it bifurcates at Page's Rock Light (Figure 2.1), reflecting the partial abandonment o f the 
western channel. This secondary channel is straight, -0 .5  km wide and 12 km long, with 
a broad, flat bottom -5  m deep. The SW side o f the secondary channel is rimmed by a 
shoal -0 .5  km wide and <2 m deep and on the NE side by a narrow shoal created by an 
inactive oyster reef separating the secondary channel and modem channel.
Based primarily on studies o f the James River subestuary, Nichols et al. (1991) 
developed a tripartite classification scheme for coastal plain estuaries, dividing the 
estuary into the mouth, funnel and meandering zones. Using this classification, the York 
River study area would be in the funnel zone because it is within the downstream limit o f 
the turbidity maximum (Brooks, 1983). The funnel zone is defined as the tidally 
dominated portion o f  an estuary that extends upriver through the turbidity maximum, is 
o f  lower energy than the other two zones and is marked by rapid mud accumulation. 
Nichols et al. (1991) also stated that cross-channel variation o f  energy and mud 
accumulation within the funnel zone can exceed the along channel variations.
The benthic community within the funnel zone o f the James River is composed 
primarily o f  'opportunistic1, shallow-living and/or surface-feeding organisms (Schaffner et 
al., 1987). Schaffner et al. (1999) reports that the benthic community within the 
secondary channel is impoverished and is composed o f  a restricted community o f  small,
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shallow dwelling polycheates with larger macrofauna made up primarily o f  the bivalves 
Macoma baltica and Cyrtopleura costata. Similar communities have been reported for 
other Chesapeake Bay tributaries (Dauer et a l ,  1989) and the mesohaline (salinity 10-18) 
regions o f  the Bay (Holland et al., 1987). Bioturbation in the funnel zone can be intense 
but is limited to the upper few centimeters o f  the seabed where the probability o f  erosion 
or physical reworking is highest (Schaffner et al., 1987). As a result, physical processes 
tend to dominate the long-term fate o f particles in these regions (Olsen et al., 1993).
Multiple deployments o f an instrumented tetrapod at the Pod site measured mean 
near bottom (1 m) current velocities o f 20-40 cm s '1, with a maximum spring flood 
frictional velocity o f  1.98 +/- 0.22 cm s '1 and a maximum neap frictional velocity o f 0.85 
+/- 0.33 cm s '1 (Wright et al., 1996; Kim et al. , 1999). Critical shear stresses measured 
using a flume carousel ranged from 0.03 Pa to 0.08 Pa (mean critical friction velocities o f 
0.55-0.89 cm sec '1 respectively) (Maa and Wright, 1999). Although frictional velocities 
during spring tide may exceed the critical shear velocity, the frictional velocities during 
neap tides are generally near or below the critical shear velocity, thus erosion during 
mean flow conditions would be greatest during spring tidal cycles.
210Pb profiles from kasten cores taken within the secondary channel show that the 
seabed experiences deep physical mixing, on the order o f  75-120 cm, on a decadal time 
frame with mixing depths varying both spatially and temporally (Dellapenna et a l, 1998). 
Long-term sediment accumulation rates o f -0 .2  cm y '1 were estimated for two cores from 
this study area. X-radiographs reveal that the mixing is recorded as decimeter-scale 
sequences o f  laminated sediments bounded by hiatal surfaces, suggesting that the short­
term deposition rates are on the order o f  decimeters per year. Dellapenna et al. (1998)
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suggested a link between the deep seabed mixing and the presence o f  anomalous, 
longitudinal linear features observed in sidescan sonar, however, with only two kasten 
cores collected at the time o f  the study, little more could be made o f the connection 
between the deep seabed mixing and observed bedforms.
APPROACH AND METHODS
Through a series o f cruises between Jan. 5, 1995 and June 2, 1998, 36 Kasten 
cores as well as numerous box and diver cores were collected in the secondary channel 
portion o f the York River. Both kasten cores and box cores were sampled for x- 
radiography using a plexiglass tray, and one- or two-centimeter thick sections were 
removed at various depths and homogenized for radioisotope and sedimentological 
analyses following the procedures described in Dellapenna et al. (1998; see Chapter 1).
Between Jan. 5, 1995 and July 16, 1998, ten sidescan sonar surveys were 
conducted within the secondary channel section o f the York River. These surveys were 
initially conducted to document the bottom morphology, and later to monitor the presence 
o f linear features on the seabed. An analog EG&G Sidescan system at -3 7 0  kHz was 
used for most o f  the early surveys, but beginning in Nov. 1997 a digital Marine Sonics 
Technology Sidescan sonar system at 600 kHz was used. Navigation for both systems 
was by differential GPS.
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Field investigation into migration o f  the “fu rro w s”
To examine the possibility that “ furrows” propogate as internal waves along the 
surface o f a fluid mud layer, an eight-buoy grid was established and surveyed multiple 
times. For each node in the grid, an air-filled glass buoy 30 cm in diameter was attached 
to an anchor with a short line so that it would be near the seabed, a longer line was 
attached to the glass buoy which went to a surface buoy. The grid was aligned with the 
axis o f  the river, with grid lines approximately 50-m apart. The first survey o f  the grid 
was conducted during the late moming on July 15 during the ebb and slack water, the 
grid was also surveyed in the moming on July 16 during ebb, then on the afternoon o f 
July 16 during slack water and flood tides.
Field investigation into spatial/temporal heterogeniety o f  mixing depths
Based on radiochemical profiles from kasten cores collected earlier (Dellapenna et 
a l., 1998), it was established that the maximum 13 Cs depths could be used as a proxy for 
mixing depth estimations. Early in this study, differences on the order o f 50 cm in the 
maximum depth o f Cs were found between cores taken at the same site at different 
times. To resolve whether these differences in mixing depths resulted from temporal or 
spatial heterogeneity, a series o f four cruises were conducted between July 31 and August 
20, 1997 for sample collections at the Pod site and Site 2 (Figure 2.1). During the first o f 
these cruises, two cores were collected at the Pod site and three cores were collected at 
Site 2, each successive week the number o f  cores taken at each site was reversed. Cores 
were brought back to the lab and processed as described above. An additional coring 
cruise was conducted on Nov. 10, 1997 when three cores were taken at each site.
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Field investigation into m ixing depth differences between the furrow and 
interfurrow  ”
In order to examine the possible link between spring/neap cycles o f furrow 
formation and observed mixing depths, a field investigation was conducted to collect 
cores within and between the “ furrows.’’ Two boats were used, one equipped for kasten 
coring and the other equipped with the Marine Sonics Technology sidescan sonar system. 
After each core was lowered into the bottom, the core barrel remained in the seabed until 
it could be imaged on sidescan sonar. Six kasten cores were collected in this manner, 
three each from two different sites.
RESULTS/DISCUSSION
York River “Furrows:" internal wave or seabed feature?
If the “ furrow s'exist only on the surface of a fluid mud as either a propagating or 
standing wave, the position o f the “furrows” would be expected to change over the course 
o f a tidal cycle. To investigate the possible migration o f  furrows, the grid described in 
Approach and M ethods was surveyed multiple times during July 15-16, 1998. At this 
time the furrows were spaced 2.5-7 m apart. The distance between the furrow and a 
given buoy was measured for multiple surveys using Sea Scan Review, the software 
package for the Marine Sonics Technology Sidescan sonar system. Table 2-1 gives the 
results o f these measurements for the two buoys: P5 and P I. For buoy P5, the three 
surveys are approximately 22.5 hours and 3 minutes apart, respectively. The maximum 
difference in distance from buoy P5 to the furrow is 7 cm; this is less than can be resolved
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by the experimental design, suggesting that there is no change in furrow position. The 
maximum time between surveys for Buoy PI is -5 0  minutes and the maximum difference 
in the distance between the furrow and Buoy PI is 18 cm; again, this difference is beyond 
the resolution o f the equipment and design o f  the experiment. The results from both 
buoy P5 and P I, which consist o f observations made over 30 hours, during flood, ebb and 
slack-water, suggest that once the linear features become established, they remain in 
place both through diurnal tidal cycles, between tidal cycles, and are present during slack 
water. The absence o f  significant migration o f  these over the time period clearly 
indicates that the furrows are seabed features.
Furrow development
Over the course o f the study, a total o f  ten observations using sidescan sonar were 
made o f the secondary channel (Table 2-2). O f these ten surveys, three were conducted 
within three days o f  spring tide and the remainder were conducted within two days o f 
neap tide. During each o f the spring tide surveys, the seabed was devoid o f  any linear or 
sublinear features (Figure 2.2F). During five o f  the seven neap surveys furrows were 
observed (Figure 2.2A, B, C, D) and during the other two surveys, sublinear features 
were observed (Figure 2.2E).
The spacing o f  furrows ranges from 0.7 m (11-19-97; Figure 2.2A&B) to 7 m (06- 
01-98; Figure 2.2C). Both o f  these surveys were conducted using a Marine Sonic 
Technology sidescan sonar system operating at 600 kHz with scan widths ranging from 
10-50 m. The widely spaced furrows in Figure 2.2C also had much smaller, less distinct 
furrows between the larger furrows. The survey conducted on 01-05-95 had furrows with
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spacings ranging 2-8 m (Figure 2.2D), however, this survey was conducted using an 
analog -370  kHz sidescan system with a scan width o f 100 m. Consequently, the 
resolution o f the image in Figure 2.2D is much lower and there may have been “ furrows” 
more closely spaced when this data was collected, which could not be resolved.
In all previous studies o f  sedimentary furrows, the conditions under which 
furrows are formed and m aintained was the maximum flow conditions o f the systems 
being studied (e.g. Flood, 1981, 1989; Flood and Holister, 1980; Coleman et al., 1981).
In contrast, furrows have only been observed in the York River during neap tides (Figure 
2.2A-E), and our limited observations suggest that the central secondary channel is 
devoid o f bottom features during the higher flow conditions o f  spring tides (Figure 2.2F). 
The seabed within the secondary channel has the potential to undergo erosion during 
much o f the spring tide but under normal neap currents no erosion occurs (Wright et al., 
1996; Maa and Wright, 1997). If  secondary currents exist which produce stream-wise 
helical flow, the effects o f  this helical flow would be more significant during neap tides, 
and could produce focused currents which exceed the critical shear velocity.
WTen Alien (1969) first produced sedimentary furrows in the lab, he reported a 
hierarchy o f bedforms from low flow to high flow, beginning with longitudinal streaks, 
which evolved into longitudinal furrows (sedimentary furrows). As flow was increased 
further, these furrows began to meander, then branches and flutes developed. With very 
intense flow, bed failure occurred. In the data set from the secondary channel o f  the York 
River, a complete picture o f how these bed forms develop does not exist, however, there 
are snapshots in time which may provide some insight into how these system may evolve 
from high to low mean currents.
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Figures 2.2A&B show uniform, tightly spaced furrows -7 0  cm apart; this is 
probably how the system exists during the lowest mean flow condition o f  neap tide. 
Figure 2.2C shows a set o f furrows which are uniformly spaced -7  m apart, between 
these furrows are smaller furrows which are filling in the space between the larger 
furrows. These smaller furrows would presumably grow if  the current were to continue at 
the same level or drop slightly. The condition o f smaller furrows filling in the space 
between larger furrows was found in images from multiple cruises (e.g., June 1-2; Figure 
2.2C; and July 15-16, 1998) and appears to be the condition found in the images from 
Jan. 5, 1995 (Figure 2.2D).
According to Allen (1969), with an increase in current, furrows meandered and 
branched, then evolved into flute structures. The sublinear features in Figure 2.2E appear 
to be meandering and branching furrows, suggesting a higher order bedform resulting 
from a higher mean current. Allen (1969) reported that under high flow conditions 
meanders breakdown and sheet flow dominates, with no discemable bedforms present. 
Figure 2.2F shows an image from a typical spring tide, when the seabed is devoid o f any 
bedforms. This is the highest flow condition for this system and the critical shear stress is 
exceeded during much o f the flow. Allen (1969) did not report results for what happens 
when the current is decreased from a high flow condition to a low flow' condition, 
presumably the same stages would occur in reverse.
Spatial/temporal heterogeneity o f  mixing depths
The Pod Site was selected during the sidescan sonar reconnaissance cruise on Jan. 
5, 1995 and the first core collected at this site was in conjunction with this deployment.
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The ~l0Pb profile (Figure 2.3A) shows two intervals o f uniform excess activity, 
suggesting mixing to a depth o f  40 cm, with a maximum 137Cs depth o f 60 cm 
(Dellapenna et al., 1998). The accretion rate (long-term sediment accumulation rate), 
based on 210Pb geochronology, is -0 .2  cm year'1, this rate is consistent with the maximum 
depth o f b Cs (Dellapenna et al., 1998). The first Site 2 core was collected on September 
11, 1995; it also shows two intervals o f  uniform excess activity, however, mixing in this 
core was to a depth o f  110 cm and the maximum depth o f i r Cs was at 130 cm (Figure 
2.3C). X-radiographs from the Pod site and Site 2 (Figure 2.4) show packages o f  
laminated sediment, 5-10 cm thick, separated by hiatal surfaces. Though some intervals 
display a component o f  bioturbation, physical laminations are well preserved throughout 
all o f the cores collected in the secondary channel suggesting that the mixing results from 
physical processes. Since the Pod Site and Site 2 are -1 km apart and roughly in-line 
with the axis o f the river (Figure 2.1), it was expected that the mixing depths and 
maximum depth o f 13 Cs would be similar. However, the :i0Pb profiles (Figure 2.3A&C) 
reveal that the maximum depth o f 13 Cs and mixing depths differed by -7 0  cm. From 
these observations the question arose, are these differences due to temporal changes in 
mixing depths resulting from sediment transport or are they due to spatial heterogeneity? 
To address the temporal issue, a kasten core was collected from each site (Figure 
2.3B&D) on the same day (10-14-96). For Site 2, the mixing depths was 45 cm and the 
maximum depth o f l37Cs was 55 cm and for the Pod Site there appeared to be no mixing 
depth and the maximum depth o f  i r Cs was at 10 cm, these depths were -7 5  and -50  cm 
shallower, respectively, than the first cores collected, leaving the spatial versus temporal 
heterogeneity issue unresolved.
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The four cruises during July-August, 1997 were designed to address the issue o f 
spatial heterogeneity. For comparisons between cores, the maximum depth o f l37Cs was 
used as a datum (Fig 2.5). Table 3 shows the descriptive statistics for this data set, 
showing that although the mean maximum depth o f  l37Cs for the Pod Site is 49 cm and 25 
cm for Site 2, the maximum range o f depths for an individual cruise for each site is 25 
cm, suggesting that there is a high degree o f small scale spatial heterogeneity at both sites 
within this system.
Mixing depth differences between the “furrow  and interfurrow”
The documentation o f a high degree o f  small scale spatial heterogeneity within the 
seabed at both sites raises the question, what is the relationship between this small scale 
spatial heterogeneity and the presence o f  “erosional furrows?” This question was 
addressed with the collection o f six kasten cores on 06-02-98 with their positions relative 
to the furrows documented with digital sidescan sonar surveys. KC-1, 2, and 3 were all 
taken near the Pod Site and all were in interfurrow positions. KC-4 through KC-6 were 
taken near Site 2, although the sidescan image is inconclusive, it appears that KC-4 was 
taken on the edge o f a furrow. KC-5 and 6 (Figure 2.6A&B) were collected on the same 
anchorage, by maneuvering the boat on anchor, the core barrel for KC-5 was dropped 
directly into a furrow, KC-6 was taken from an interfurrow location adjacent to KC-5.
The maximum depth o f 13 Cs (Table 2-4) for each core shows that the KC-1, 2, 
and 3 each have depths which vary by only one 5 cm sample interval. The inventory for 
the upper 5 cm o f  KC-1, is 12 dpm/cm2, suggesting that the 13 dpm/cm2 difference in 
■IOPb inventories between KC-1 and KC-2 results from the 5 cm difference in mixing
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depths. Because KC-4 was not sampled deep enough to reach the maximum depth o f 
13 Cs, to make comparisons between KC-4, 5 and 6, the inventory for the upper 85 cm in 
each core has been calculated (Table 4). The inventory for the upper 15 cm o f KC-6 is 37 
dpm /cm 2, the difference between inventories for the upper 85 cm between KC-5 and 6 is 
38 dpm /cm 2, suggesting that the differences in inventories reflects the 15 cm difference in 
maximum depths o f l37Cs between these cores. The difference in 0-85 cm inventories 
between KC-4 and 6 is 13 dpm/cm2, the inventory o f the upper 5 cm o f KC-6 is 15 
dpm /cm 2, suggesting that the difference in inventories between these cores represents -5  
cm o f  material missing in KC-4 relative to KC-6.
The differences in the maximum depth o f  l37Cs and the excess 2l0Pb between 
cores is consistent and show that for the three cores which were taken proximal to each 
other in interfurrow positions (KC-1, 2, and 3), there is a difference in mixing depths o f 
-5  cm suggesting 5 cm o f small scale spatial heterogeneity. This is consistent with the 
observations from sidescan sonar which suggest that there are smaller furrows between 
the large furrows. Presumably, these smaller furrows are providing -5  cm o f  surface 
relief on the seabed. The difference o f 15 cm between KC-5, which w'as in a furrow' and 
KC-6, which was in an interfurrow position suggests that there is -1 5  cm o f  relief 
between the furrow and interfurrow.
Surface differences between furrow  and interfurrow
Surface samples (0-2 cm) were analyzed for sand, silt, and clay content. All 
samples were found to contain at least 50% clay, and high silt content. Sand content is 
low; the surface interval o f the furrow core was <3% sand and the interfurrow core sand
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content ranged from 4.75-8.43%. Flood (1981 & 1989) observed that there was significant 
focusing o f coarser grained material in the furrows sampled, our limited observations do 
not support this for these York River sites. 7Be has a half life o f  53.3 days and has been 
found to be an effective tool in investigating short-term sedimentary processes in 
estuaries (Dellapenna et al., 1998; see Chapter 1), if sediments contain 7Be activity then 
they were recently deposited. The maximum 7Be seabed penetration depth was also 
determined for KC-5 and 6, the maximum depth o f  7Be is at 5 cm w'ithin KC-5 (furrow) 
and is only in the surface 0-1 cm interval in KC-6 (interfurrow) (Figure 2.7 and 2.8).
This would suggest that although the furrows were either Filling up or acting as a conduit 
for sediment transport at the time of sampling.
Link between small scale spatial heterogeneity o f  seabed and linear seabed features
A conceptual diagram describing the York River furrow system as suggested from 
the sidescan sonar and the kasten core radioisotope data is shown in Figure 2.8. The 
sidescan sonar images (Figure 2.2) suggest that the furrows are distinct features o f  the 
seabed. The deeper penetration o f Be suggests that there was recently deposited 
material within the furrows. Unlike observations made by Flood (1981, 1989), there does 
not appear to be a significant focusing o f  coarser grained material in the furrows sampled 
in this study. The 15 cm depth o f furrows is based both on the differences in mixing 
depths and excess 2!0Pb inventories between the two cores used in Figure 2.7. The 
differences in the maximum depth o f 137Cs o f  25 cm from the four cruises from July- 
Aug., 1997 suggest that deeper furrows are possible, providing a -15-25 cm range for 
furrow depths. The size and spacing between furrows, however, appears to differ with
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each observation.
Temporal changes in deep seabed m ixing with the secondary channel
Compilation o f the mixing-depth data from all o f the samplings at the two sites 
taken over the 35 months o f this study is shown in Figure 2.9. The data show a 
maximum difference o f 110 cm in mixing depths within this time series and typical 
differences between sampling periods o f  40-50 cm. Because mixing produced by the 
fortnightly formation and destruction o f  furrows apparently is restricted to depths o f -25  
cm, this deeper mixing suggests that there is another meter-scale mixing processes which 
occurs on the annual to interannual time frame.
Dellapenna el al. (1999 in rev.) show that, deep physical mixing o f the seabed is 
present throughout much o f the York River. No other time-series o f mixing depths exists 
for the York River, so little can be said o f  changes in mixing depths in other 
environments within the river. However, within the secondary channel, the time series 
data suggest that there is a large, mobile pool o f  sediment which is being transported 
within /'across the secondary channel which produces meter scale differences in seabed 
mixing depths on an annual to interannual time frame. The fortnightly formation of 
erosional furrows occurs within the upper -2 5  cm of this migrating pool o f  sediment.
Sedimentary furrows as environmental indicators
Sedimentary furrows have been observed in a wide variety o f systems, the 
presence o f furrows, regardless o f  the environmental setting, appears to suggest the 
presence o f secondary circulation (Flood, 1983). The major contribution that this study
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adds to the understanding o f sedimentary furrows is that furrows appear to be only one 
stage in a hierarchy o f longitudinal bedforms which exist in fine grained systems. 
Sedimentary furrows are one stage in this hierarchy and represent a specific flow regime, 
which has yet to be fully quantified, higher level bedforms represent a higher flow 
regime. In some settings, such as on the continental slope or deep sea, sedimentary 
furrows may be entirely erosional features. However, based on observations in the York 
River, conditions where furrows are transient probably suggest that there is a high degree 
o f seabed mobility and seabed mixing would occur at least to a depth comparable to the 
furrow/bed form amplitude.
CONCLUSIONS
A reconnaissance survey of a study site within the York River secondary channel 
revealed regularly spaced, linear features on the seabed which were aligned parallel to the 
axis o f  the river. Ten additional sidescan sonar cruises over the course o f  three years 
revealed that these features are transient and suggest that furrows may only exist during 
the neap portion o f the fortnightly tidal cycle. Two working hypotheses were adopted 
when attempting to delineate these linear features, first that they are a water column 
feature, a standing or propagating wave on the surface o f a fluid mud layer, and second 
that they are transient sedimentary furrows similar to those described by Flood (19S1).
M ultiple digital sidescan sonar surveys o f  a fixed grid over the course o f 30 hours, 
including surveys during ebb, flood and slack water demonstrated that the linear features 
remained in a fixed position. A four-week time series where multiple kasten cores were
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collected at two different sites demonstrate up to -25  cm scale differences in seabed 
mixing depths exists between cores taken less than 2 m apart. Linear features observed in 
sidescan sonar were demonstrated to be sedimentary furrows when kasten cores were 
collected both within and between “ furrows.” Furrow spacing ranged from 0.7-7 m. 
Differences in 2l0Pb inventories and the maximum l37Cs depth reveal that furrow depths 
between furrow and interfurrow cores were on the order o f -15  cm, consistent with the 
-2 5  cm o f high small scale spatial heterogeneity found with the 4 week time series. The 
maximum depth o f 'Be was at -5  cm and as compared with -1 cm between furrows, 
suggesting that there was active deposition within the furrows prior to core collection.
In previous studies o f  erosional furrows, the furrows were already established 
when the study began and the furrows were large and long lasting. The conditions under 
which the furrows formed were the highest current conditions which existed for those 
environments. In the York River, furrows were found only during the neap tidal period, 
when lower mean current conditions exist, and the furrows are transient. Based on the 
sidescan sonagrams collected for this study, there appears to be a hierarchy o f  geometries 
o f  these furrows. The hierarchy ranges from: 1) no bed forms during the higher flow 
conditions such as during some spring tides; 2) large patches o f meandering furrows as 
the mean flow decreases away from high flow conditions; and 3) well developed uniform, 
linear, closely spaced furrows during the lowest mean current conditions.
Over the course o f the 35 months for which cores were collected for this study, 
mean mixing depths were found to range from 5-110 (-*-/-25) cm, revealing that there are 
100-cm scale changes in the mean mixing depth over the course o f the study. These data 
suggest that there is a large, mobile pool o f  sediment which is being transported within
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the secondary channel, the migration o f  this mobile pool o f  sediment produces meter 
scale differences in seabed mixing depths on an annual to interannual time frame. The 
fortnightly formation o f erosional furrows form within this migrating pool o f sediment 
produces mixing on the -25 cm depth scale.
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TABLE 2-1 
Distance From Buoy to Furrow Time Series








Scale and Tidal Cycle of Time Series Sidescan Sonar Observations of Furrows
Number Date Status Tidal Cycle Furrow
spacing
1 01/05/95 Furrows Neap 2-8 m
2 09/9/96 No Furrows 3d before Spring n/a
3 10/10/96 No Furrows 2d before Spring n/a
4 10/18/96 Furrows Neap 2-8 m?
5 11/7/96 No Furrows Spring n/a
6 10/23/97 Sub-linear Neap n/a
7 11/05/97 Sub-linear 2d before Neap n/a
8 11/19/97 Furrows 2d before Neap 0.7 m
9 06/01-02/98 Furrows l& 2d past Neap 7 m
10 07/15-16/98 Furrows Id before and Neap 7 m
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TABLE 2-3
Statistics for the maximum depth of l37Cs data set for July-August 1997 Time Series
Statistic Pod Site Site 2
Mean 49 cm 25 cm
Mode 56 cm 11 cm
Standard Deviation 8.7 cm 17 cm
Minimum 31 cm 6 cm
Maximum 56 cm 56 cm
A min.-max. (all data) 25 cm 50 cm
A min.-max. (one cruise) 25 cm 25 cm
TABLE 2-4 
Inventories of 06-02-98 Kasten Cores
Core
06-02-98






KC-1* Interfurrow 95 cm 136 dpm /cm 2 141 dpm/cm2
KC-2* Interfurrow 90 cm 123 dpm /cm 2 123 dpm/cm2
KC-3* Interfurrow 90 cm 136 dpm /cm 2 138 dpm/cm2
KC-4+ Furrow edge n/a 136 dpm /cm 2 n/a
KC-5+ Furrow 90 cm 111 dpm/cm2 111 dpm/cm2
KC-6+ Interfurrow 75 cm 149 dpm /cm 2 150 dpm/cm2
*N'ear Pod Site, +Near Site 2
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Figure 2.1. The study area in the York River, note that the Pod site and Site 2 are
within the secondary channel, which is bound to the northeast by a shoal 
which separates the secondary channel from the present day channel, and 
to the southwest by a wide shoal adjacent to the bank o f  the river.
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Figure 2.2. Sidescan sonagrams o f study area showing various stages o f furrow 
growth. Sonagram A and B were collected on the same survey but 
sonagram A was collected at a 50 m scan width and B was collected at a 
10 m scan width, both show uniform, closely spaced furrows. Sonagram 
C shows more widely spaced furrows, with smaller furrows, more evident 
at the top o f the image, forming between the larger furrows. Sonagram D 
although o f much lower resolution, appears to show widely spaced 
furrows with smaller furrow in between. Sonagram E was collected when 
the tow vessel was making a slight turn to the right, note that the curved 
nature o f this image reflects this turn, however, the image also shows 
irregular and possibly meandering furrows. Sonagram F shows a seabed 
devoid o f any bed forms, note that the dark features in this image are 
sunken pilings lying on the seabed. Sonagram F was collected during 
Spring tide, Sonagrams A-E were each collected within three days o f neap 
tide. Sonagrams A-C were collected on a digital Marine Sonic 
Technology system (600 khz), whereas images D-F were collected on an 
analog EG&G Sidescan system (370 khz).
94






















Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 2.3. 2l0Pb profiles from 1/5/95, 9/1 1/95, 10/14/96. Profiles A&C were from the 
first two kasten cores taken in the secondary channel, and they show the 
deepest mixing depths at 50 and 120 cm respectively. Note that the two 
intervals o f  mixing in profiles A, C, and D represents two episodes 
separated in time. The cores for profiles B and D were collected on the 
same day, note that the mixing depths are 50 cm shallower than Profiles A 
and C.
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Figure 2.4. X-radiographs from the York River secondary channel. The Pod site x- 
radiograph (A) has a 10 cm thick soft surface layer, with 5 cm sequences 
of alternating finely laminated and moderately mixed intervals of 
sediments separated by hiatal surfaces. The Site 2 x-radiograph (B) was 
taken deeper in the core. Note that the undulating hiatal surface at -120 
cm is the base of the surface mixed layer in Figure 2.9. This surface has 
undergone extensive colonization, note the angel wing (Cyrtopleura 
costata) shell preserved in life position within its burrow. Above this 
hiatal surface, the sediments are finely laminated with few biological 
structures.
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Figure 2.5. Time series showing variation in the maximum l37Cs depths for the Pod 
Site and Site 2 between 31 July and 10 November, 1997.
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Figure 2.6. Sidescan sonagrams showing kasten cores taken in a furrow and in an 
interfurrow. Note that sonagram A shows K.C 5 is an erosional furrow 
within the seabed with a plume of sediment in the watercolumn above the 
core barrel, the erosional furrow is highlighted with thin white lines. The 
hull o f the R/V Langley is also visible. Sonagram B was taken at a wider 
scale than sonagram A. Sonagram B shows KC 6 in the seabed between 
two furrows, the furrows are outlined with thin white lines. Note that the 
hull of the R/V Langley is also visible in this image.
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Figure 2.7. 2l0Pb profiles from the interfurrow (A) and furrow (B) cores. The
maximum depth of l37Cs has been used as a datum for comparison for 
these cores. Although both of these cores reflect deep mixing within the 
seabed, note that the mixing depth in K.C-5, from the furrow is 15 cm 
shallower than KC-6, which is from an interfurrow position. Also note 
that the maximum depth of 7Be is at 5 cm in the furrow, but is only at the 
surface in the interfurrow core, suggesting that there is active short-term 
sediment deposition within the furrow, but little short-term deposition 
outside of the furrow.
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Figure 2.8. A conceptual diagram showing the relationship between the sedimentary 
furrows and the l37Cs and 7Be data set. By using the maximum depth o f 
l37Cs as a datum for comparison, the -15 cm difference in mixing depths 
between the furrow (KC-5) and interfurrow (K.C-6) cores provides an 
estimation of furrow depths. The lack of Be at depth in the interfurrow 
cores and the presence of 7Be at 5 cm in the furrow cores suggest recent 
deposition in the furrow prior to core collection.
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Figure 2.9. Maximum l37Cs penetration depths over study period. Although there is
high small scale spatial heterogeneity at both sites, these data suggest there 
are also temporal changes in the mixing depth. The error bars (+/-) are 
based on standard deviation associated with the mean of all measurements 
from the August data set (Figure 2.7).
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CHAPTER III
Ephem eral deposition, seabed mixing and fine-scale s tra ta  formation in the York 
River estuary, Chesapeake Bay 
ABSTRACT
Throughout most o f  the energetic microtidal York River, the seabed is 
characterized by deep physical mixing to depths o f  25-200 cm. A strong cross-estuary 
gradient is observed with one side, including channel, flank and shoal, dominated by 
frequent deep erosion and redeposition (physical mixing), while physical mixing is 
reduced on the other side resulting in a greater preservation o f  biological mixing. Within 
the physically dominated side o f  the river, the mixed layer is characterized by :!l)Pb 
profiles with one or more segments (—25-100 cm thick) o f  nearly uniform excess activity. 
X-radiographs reveal that although a record o f  limited biogenic sediment modification is 
preserved, the mixed layer is characterized by centimeter to decimeter scale units of 
finely to coarsely laminated strata bounded by hiatal surfaces. This demonstrates that 
mixing results primarily from erosion, resuspension and deposition. Reduced salinity 
limits the number o f  benthic species in the York River, physical disturbance leads to an 
impoverishment o f  this community which is composed primarily o f  small, opportunistic 
species. As a result, mixing in the biologically dominated side o f  the river is generally 
restricted to depths <40 cm; 2l0Pb geochronologies yields low biodiffusion rates (0.43- 
3.35 cm2 y '1). X-radiographs reveal the presence of some laminations suggesting that 
although the mixing is controlled by biological processes the mixing intensity is
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relatively low.
Based on 2l0Pb geochronologies, residence time estimates for particles within the 
mixed layer are on the order o f centuries. Residence time calculations based on the 
sediment mass in the physically mixed layer is equivalent to 70 years o f river sediment 
yield. This is consistent with century-scale residence times from core data, suggesting 
that the sediment within the upper seabed is cycled through the environment on this time 
frame. The frequency and intensity of seabed mixing appears to differ between the lower 
and upper river. The lower York River is much wider and deeper, and is more 
susceptible to large storms and sea surges, which we suspect drive much of the recorded 
seabed mixing. Within the upper river, although longer-term events (storms) may cause 
the deepest mixing, much of this record is destroyed by shorter term, high frequency 
events which produces shallow to mid-depth (<50 cm) mixing events, probably driven by 
spring/neap tides, co-phased tides, and river flooding.
INTRODUCTION
Estuaries often are described as filters, trapping sediment, nutrients, organic 
material and contaminants which are transported between terrestrial and open ocean 
systems (Biggs and How'ell, 1984; Kranck, 1984; Schubel and Carter, 1984). The filtering 
of these materials is both biologically and physically mediated. Biomediated processes 
remove suspended material from the water column and repackage it as fecal pellets and 
aggregates (Haven and Morales-Alamo, 1966; Rhoads, 1974; Pryor, 1975; Kranck,
1984). However, the redistribution, transport, deposition and ultimate accretion of this
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material as strata is often primarily driven by physical processes. The formation of these 
sedimentary strata involves not only deposition at the surface of the seabed, but 
accumulation of sediment below a level of physical and biological reworking (Nittrouer 
and Sternberg, 1981).
Studies o f modem and ancient sediments have been used to develop traditional 
facies models for coastal plain estuaries (Dalrymple et al., 1992; Nichols et al., 1991 A; 
Frey and Howard, 1986). However, because these models focus on preserved strata they 
are product oriented and do not include details about formative processes. Physical 
mixing is one of the important processes for which a record is not fully preserved in 
strata.
Deep physical mixing of the seabed is normally associated with highly energetic 
systems such as the Amazon Shelf, Tamar and Wesser Estuaries. Kuehl et al. (1996) 
reported a large, transient layer o f mud -1 m thick on the Amazon shelf which is 
continually mobilized through cycles of episodic suspension and redeposition in response 
to annual cycles of discharge, fortnightly spring/neap cycles as well as storm activity. 
Both the Tamar Estuary on the southern coast o f England and Wesser Estuary on the 
southern German Bight are mud dominated macrotidal (-4-5 m tidal ranges) estuaries. In 
both of these systems, the turbidity maximum transports a large pool o f fine-grained 
sediment up and down the estuary -20  km during spring/neap cycles (Grabemann et al., 
1997), resulting in deep seabed mixing, high deposition (short-term accumulation) but 
low accretion (long-term accumulation) of sediment.
The York River, a 50-km long microtidal subestuary of the lower Chesapeake 
Bay, is sheltered from much o f the energy of the lower Bay, and would presumably be a
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relatively low energy system. However, Dellapenna et al. (1998) reported intense 
physical mixing within a small area o f the upper York River, with seabed mixing depths 
in excess o f 1 m indicating high rates o f deposition (0.1-0.5 m y 1), but with accretion 
rates on the order o f 2 mm y '1. Deep physical mixing coupled with relatively low 
accretion rates have also been identified in sites within the Hudson River using both 
2l<)Pb and 13 Cs geochronologies (Mitra et al., 1999; Hirschberg et al., 1996, Olsen et al., 
1993) and in the James River using 13 Cs geochronology (Olsen et al., 1993; Schaffhere/ 
al., 1987A&B).
Based on the initial observations o f deep physical mixing in the upper York River 
(Dellapenna et al., 1998), a study was undertaken to investigate seabed mixing 
throughout the entire York River estuary. Cores were collected along four cross-estuary 
transects to characterize the nature and extent of seabed mixing. Based on the data 
collected from these cores a facies model is developed, as well as a model for accretion 
and erosion within the estuary. Additionally, an estimate of the mass of material which is 
affected by seabed mixing and the residence times o f particles within this mixed layer are 
made both for individual cores as well as the estuary as a whole.
BACKGROUND 
E stuarine Models
Schaffher et al. (1987A) addressed the issue o f processes affecting recent 
estuarine stratigraphy and the relationship between these processes and the benthos.
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Based primarily on a large collection of x-radiographs, Schaffner et al. (1987A) identified 
six different facies: shoal and spit, fringe embayments, basins, deep terraces, channels, 
and troughs. Two o f these, the shoal and spit, and the channel are the primary facies 
within tributaries. The shoal and spit facies form primarily in wave and tide dominated 
environments characterized by shifting sediment and motile organisms. X-radiographs 
reveal ripple-laminated surface sediments and shell lag deposits; sediment may be heavily 
bioturbated below the surface. Within tributaries, biomass and macrofauna decrease, 
limiting the intensity and depth o f bioturbation. Additionally, infrequent storms produce 
finely laminated intervals. The limited bioturbation may result in the preservation of 
physical laminations even in quiescent areas of mud accumulation.
Schaffner et al. (1987A) reported that the base of the channels may be scoured, 
while the flanks are frequently depositional (Nichols, 1972; Byrne et al., 1982). Within 
the tributaries, erosion from upstream and along the shoreline result in the deposition of 
sand layers of varying thicknesses and frequencies. Cores are characterized by sequences 
of finely laminated muds and sands with moderate to intense bioturbation, these 
sequences are bounded by erosional surfaces. Schaffner et al. (1987A) inferred that 
deposition is low during periods when bioturbation is high.
Using 13 Cs profiles, Schaffner et al. (1987B) related faunal characteristics to 
sediment accumulation processes within the James River. They found that faunal 
distribution patterns reflected species response to salinity changes along the estuarine 
gradient, but not to differences in sediment accumulation rates. Levels o f bioturbation 
could not be predicted easily on the basis of faunal characteristics alone; physical mixing 
strongly influenced the ability o f macrobenthos to bioturbate sediments. This study
113
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
focused entirely on along estuarine gradients, while cross estuarine gradients were not 
addressed. Schaffner et al. (1987B) concluded that estuarine organisms inhabiting soft 
bottoms are typically ‘opportunistic,’ shallow-living and short-lived species, and the 
composition of their communities is not strongly influenced by rates of deposition.
The York River
The York River is a 50-km long subestuary o f lower Chesapeake Bay (Figure 
3.1). The modem channel is controlled by the antecedent geology of an incised paleo- 
river valley (Carron, 1976). Below Gloucester Point (G-P) the river is relatively wide (3- 
6 km) with a broad shoal on the north side and a narrow shoal on the south side, the 
channel reaches depths of 33 m, but averages -22  m. Above G-P (Figure 3.1), the York 
River channel reaches a depth of 30 m, but averages -10  m. Although the channel is 
generally straight, it bifurcates at Page's Rock Light (Figure 3.1), reflecting the partial 
abandonment o f the western channel. At its widest, this secondary channel is -1 km wide 
and 12 km long, with a broad, flat bottom -5  m deep. The SW side of the secondary 
channel is rimmed by a broad flat shoal and on the NE side by a narrow shoal created by 
an inactive oyster reef separating the secondary channel and main channel.
Based primarily on studies of the James River subestuarv, Nichols et al. (1991 A) 
developed a tripartite classification scheme for coastal plain estuaries, dividing the 
estuary into the mouth, funnel and meandering zones. Using this classification, the York 
River study area would be in the funnel zone because it is within the downstream limit of 
the turbidity maximum (Brooks, 1983). The funnel zone is defined as the tidally
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dominated portion of an estuary that extends upriver through the turbidity maximum, is 
of lower energy than the other two zones and is marked by rapid mud accumulation. 
Nichols et al. (1991 A) also state that cross-channel variation o f energy and mud 
accumulation within the funnel zone can exceed the along channel variations.
The benthic community within the funnel zone o f the James River is composed 
primarily of'opportunistic', shallow-living and/or surface-feeding organisms (Schaffner et 
al., 1987B). A similar community has been reported for the York River study area (Dauer 
et al., 1989) and other mesohaline (salinity 10-18) regions of Chesapeake Bay (Holland et 
al., 1987). Bioturbation in the funnel zone can be intense but is limited to the upper few 
centimeters of the seabed where the probability o f erosion or physical reworking is 
highest (Schaffner et al., 1987B). As a result, physical processes tend to dominate the 
long-term fate of particles in these regions (Olsen et al., 1993).
In general, the benthic community structure along the estuarine gradient of the 
lower Chesapeake Bay and York River is strongly controlled by the salinity gradient 
(Schaffner et al., 1999). Schaffner et al. (1999) divides this system into three zones, the 
upper, middle and low'er estuary. The upper estuary (Page’s Rock to West Point) is 
characterized by low salinity and frequent physical disturbances and is dominated by 
amphipods including Leptocheiras plumulosus, oligochaetes, the bivalves Macoma 
balthica and Cyrtopleura Costata and various annelids. The middle estuary (Page’s Rock 
to the Mouth of the York River) undergoes periodic summertime hypoxia, and has 
reduced populations of deep-dwelling infauna. As a result, this benthic community is 
dominated by small annelids. Within the channel o f  the lower York River, mounds 
composed of epifauna are common, with hydroid Sertularia argentea, and the
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urochordate Molgida manhattensis dominant. The lower estuary in this model would 
comprise the lower Chesapeake Bay, which is not addressed in this study.
Multiple deployments of an instrumented tetrapod at the Pod site measured mean 
near bottom (1 m) current velocities of 20-40 cm s '1 with a maximum spring flood 
frictional velocity o f 2 cm s '1 and a maximum neap frictional velocity of 0.7 cm s '1 
(Wright et al., 1996). Critical shear stresses measured from a flume carousel range from 
0.03 Pa to 0.08 Pa (mean critical friction velocities of 0.55-0.89 cm sec’1 respectively;
Maa and Wright, 1999). Although frictional velocities during both spring and neap tides 
may exceed the critical shear velocity, the frictional velocities are much greater during 
the spring tide than the neap. Thus greater erosion should occur during spring tidal cycles.
Excess 2!l>Pb profiles from kasten cores within the secondary channel have 
revealed that the seabed experiences deep physical mixing. Mixing depths varied 
temporally and spatially over the course of three years ranging from 0.05- 1.2 m on the 
order o f 0.25 m between cores collected within a few meters of each other (Dellapenna et 
al., 1998&1999). Deposition rates are about 10-50 cm y '1, however accretion has been 
estimated to be on the order ~2 mm y '!. Dellapenna et al. (1999) suggested that the small 
scale heterogeneity in some regions (e.g. the secondary channel) resulted from the 
presence of transient longitudinal sedimentary furrows (Figure 3.2). The furrows were 
observed to be present during neap tides and absent during spring tides. Furrow spacing 
to ranges from 0.7- 7 m and furrow depths have been estimated to be as deep as 25 cm. 
The presence o f these furrows appear to provide 25 cm o f seabed mixing found within 
this site but is not the cause of the observed deeper (100 cm) mixing found at this site 
(Dellapenna et al., 1999).
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Sediment Mixing and Accumulation
Short-lived (half life < 50 y) radioisotopes have been successfully used to 
quantify sedimentation rates, mixing rates and sediment fluxes across the sediment-water 
interface (e.g., Krishnaswami et al., 1971; Robbins and Edgington, 1975; Nittrouer et al., 
1979; Dukat and Kuehl, 1995). 2l&Pb (T 1/2= 22.3 y), and i r Cs (TI 2 = 30.1 y) have been 
selected for this study to investigate processes operating on seasonal to decadal time 
frames. Although these isotopes enter the estuarine environment by different pathways, 
generalities about their effective properties as tracers can be made. Once introduced into 
the water column from decay o f a parent isotope or direct input, it is assumed that the 
water column residence time is short compared to the isotope half-life. Additionally, it is 
assumed that the isotope is readily and irreversibly scavenged by particles within the 
water column (Krishnaswami et al., 1971; Nittrouer et al., 1979).
In the simplest case, if sediment accumulation rate and specific activities of the 
radioisotope are constant, then the vertical profile o f the radioisotope can be used to 




where: C0 = activity o f radioisotope in surface sediments (dpm g '1), 
C. = activity of radioisotope at some depth, r  (dpm g l), and 
A = decay constant (y '1).
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This simple relationship is complicated by the effects of sediment mixing which 
can result from physical and biological processes. Biological mixing, or bioturbation, 
results from the net effect of a series o f biological processes which occur when organisms 
interact with sediments. These activities are integrated over time, therefore, biological 
mixing is often modeled as a one dimensional eddy diffusive process (Aller and Dodge, 
1974; Guinasso and Schink, 1975; Nozaki et al., 1977; Robbins et al., 1979; Wheatcroft, 
1990). Below the mixed interval, activity of the isotope decreases logarithmically as a 
function of its half-life and the sediment accumulation rate.
One way to test for deep biological mixing is through the simultaneous profiling 
o f 13 Cs. Bomb-produced 13 Cs was first introduced in significant quantities into the 
environment in 1954, with maximum inputs in 1962-1963 (Krishnaswami et al., 1971). 
Accumulation rates derived from :i0Pb profiles can be tested by comparison with 
maximum depths o f 13 Cs penetration. If deep mixing has not affected the profile, the 
penetration depth should not exceed the sum of mixed-layer thickness plus sediment 
accumulation since first input of l3,Cs (Nittrouer et al., 1983/1984).
Viewed as a vertical, one-dimensional process, physical mixing occurs through 
cycles of erosion and deposition of varying intensity. As a result, strata formed primarily 
through physical mixing will be reflected in sedimentary structures consisting of 
sediment packages separated by hiatal surfaces. For sediment to accumulate and strata to 
form, net deposition must be greater than net erosion. Since strata formed through 
physical mixing are produced by a sequence of short-term events (i.e., deposition and 
erosion), physical mixing is strictly an advective process.
Although physical and biological mixing are distinct processes and operate on
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different timescales, strata can exhibit characteristics of each. In terms of strata formation 
and the development o f sedimentary structures, physical mixing is an episodic, rapid, and 
destructive process. When sediment is deposited, physical sedimentary structures such as 
laminations or cross laminations are formed almost instantaneously. In contrast, 
bioturbation develops after initial deposition and slowly modifies the primary 
sedimentary structure.
Residence times can be calculated for particles within the mixed layer by dividing 
the thickness o f the mixed interval by the rate of accumulation (Nittrouer and Sternberg, 
1981). These residence times are an estimation based on one dimensional mixing, 
however mixing is not a one dimensional process (Wheatcroft, 1990). In light o f this, 
residence times should be considered an order of magnitude estimation o f a series of 
complex processes.
METHODS
Through a series o f cruises between Jan. 5, 1995 and June 2, 1998 on the R/V Bay 
Eagle and R/V Langley, kasten and box cores, as well as diver cores were collected in the 
York River. Kasten and box cores were sampled for x-radiography using a plexiglass 
tray, and one- or two-centimeter thick sections were removed at various depths, and 
homogenized for radioisotope and sedimentological analyses following the procedures 
described in Dellapenna et al. (1998). Between Jan. 5, 1995 and July 16, 1998, ten side- 
scan sonar surveys were conducted within the secondary channel section of the York 
River. To document the bottom morphology, either an analog EG&G Sidescan system at
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-370 kHz or a digital Marine Sonics Technology Sidescan sonar system at 600 kHz were 
used, navigation was by differential GPS.
RESULTS 
Kasten and box core cross and along river transects
Kasten and box core transects across the York River were made at three locations 
above and one location below G-P (Figure 3.1). Water content, grain size, and excess 
2l0Pb profiles were established for a total o f 22 cores and the maximum depth of i r Cs was 
determined for each core that penetrated deep enough to reach this maximum. In 
addition, x-radiographs of select cores were taken to show macro-scale sedimentary 
fabric. All accumulation rates are based on 210Pb geochronology; because there is a 
component of bioturbation in most cores, the accumulation rate should be considered a 
maximum rate. Table 3-1 contains the accretion rates, maximum L‘ Cs depths, mixing 
depths, and particle residence times for all o f the cores used in the transects.
Poropotank Creek- The river cross section near Poropotank Creek is quite simple, a 
broad shoal exists on the southwest (SW) side of the river, with a slightly asymmetrical 
channel which is steeper on the northeast (NE) side, and a narrow shoal on the NE flank 
(Figure 3.3). The excess :i0Pb profiles from the upper and lower SW flank (Figure 3.3A), 
shows relatively uniform activity, suggesting either physical or biological mixing. The 
excess 210Pb profile from the channel (Figure 3.3C) shows two intervals o f uniform
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activity with offsets, suggesting at least two episodes o f seabed scouring and episodic 
deposition. The x-radiographs from each of these sites (Figure3.4B&C) reveal finely 
laminated sediment with a minor component o f  bioturbation, thus the excess 2l0Pb profile 
is assumed to result primarily from physical mixing.
The excess 2l0Pb profiles from the lower and upper NE flanks (Figure 3.3D&E) 
show a logarithmic decrease in activities with depth in the cores, indicating that there is 
no deep physical mixing in these cores. Note that the core from the center of the channel 
(Figure 3.3C) is composed of a mud layer in the upper 60 cm of the core, with a sand 
layer at the base of the core. The x-radiograph from the upper NE flank (Figure 3.4D) 
lacks preserved laminae, suggesting shallow bioturbation; the core also contains 
disarticulated oyster shells (Crassostrea virginica) and some smaller bivalve shells, 
primarily M. balthica. The oysters are not in life position and have probably been 
transported from elsewhere in the river, and the other bivalves do not generally produce a 
great deal of bioturbation (see Schaffner, 1999 in review). The benthic community in this 
portion of the river is generally composed primarily o f amphipods and annelids that live 
in the upper few centimeters of the seabed. Since the x-radiograph shows that this core 
is dominated by biological mixing rather than accretion the excess 2l0Pb profile was 
modeled as a biologically mixed profile, yielding a biodiffuisvity rate (Db) of 1.5 cm2 y '1. 
There is no x-radiograph for the core from the NE upper flank shoal (Figure 3.3E), 
however, the excess 210Pb profile also shows a continuous decrease similar to that from 
the NE flank (Figure 3.3D). Assuming this decrease also results from biological mixing, 
the Db for this core is 3.35 cm2 y '1.
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Pod Site Transect- The river profile for the Pod Site (Figures 3.5&3.6) shows that the 
river is comprised o f a broad shoal on the SW side. Adjacent to the shoal is the 
secondary channel which is separated from the deeper main channel by a rise and the 
channel is bordered to the NE by a narrow shoal. YR 10-30-96 KC-2 (Figure 3.7) is the 
only kasten core taken on the SW shoal above G-P. The excess :i0Pb profile shows a 
series o f sequences with decreasing activity, at the base o f each o f these sequences the 
activity increases by at least 1 dpm/g. The %clay profile (Figure 3.7) shows that 3 of the 
5 sequences(35-20 cm, 130-110, and 170-140 cm) fine upward. X-radiographs reveal 
that the strata within this core are generally finely laminated and the sequences identified 
from the radioisotope and grain-size profiles are bounded by hiatal surfaces. The 
maximum depth o f 13 Cs in this core is at 200 cm and the x-radiograph shows that there is 
a hiatal surface which correlates with this depth.
Within the secondary channel, in which the Pod Site is located, a total of 18 
kasten cores have been collected. A representative excess :i0Pb profile from this site 
(Figure 3.5B) show's two sequences of nearly uniform excess activity down to 50 cm, 
w'ith logarithmic decrease in excess activity below'. The maximum 2l0Pb accumulation 
rate for this core is 0.19 cm y '1 (Dellapenna et al., 1998). The x-radiograph (Figure 3.6B) 
shows sequences 5-10 cm thick separated by hiatal surfaces.
The upper SW flank core for the Pod Site transect (Figure 3.5C) shows a surface 
interval o f uniform excess activity down to 30 cm, below this interval the profile could be 
interpreted as either a stair step decrease in activity or logarithmic decrease at the base of 
the profile. If the core is interpreted as a logarithmic decrease in activity below 30 cm, 
then the 2l0Pb accumulation rate is <0.76 cm y '1, the core is not long enough to confirm
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this rate with 13'Cs. Figure 3.5D was taken from the lower half of the SW flank, the 
excess activity profile decreases logarithmically throughout the core. Interpreting the 
excess 2l0Pb profile, however, is somewhat problematical because the x-radiograph 
reveals layers of both finely laminated sediment and bioturbated sediment. Modeling the 
profile as accumulation yields a 2l0Pb accumulation rate which is not consistent with the 
maximuml37Cs depth, suggesting that the profile is influenced by both physical and 
biological mixing, modeling, therefore, it as either accumulation or biological mixing 
would probably not be appropriate. Laminations are present at the surface and base of the 
x-radiograph from this core (Figure 3.6C), although there is a faint layer in the middle of 
the x-radiograph, much of the fabric is dominated by shell fragments and a mottled 
texture probably resulting from shallow bioturbation.
The channel profile (Figure 3.5E) contains a surface interval of uniform excess 
activity 30 cm thick, with logarithmic decrease in activity below, based on three data 
points, a maximum 2I0Pb accumulation rate of <0.2 cm y '1 has been estimated. The grain- 
size profile show's that there are fluctuation in %mud (-25%) throughout the core. On the 
NE flank, the sediment is composed primarily o f sand, because of the high sand content, 
210Pb analysis was not performed on this core. This core is comprised of coarsely 
laminated muddy sand and the x-radiograph reveals that although laminations are present, 
much of the core is bioturbated, as supported by the presence of M. balthica in life 
position within its burrow (Figure 3.6F).
Aberdeen Creek Transect- The river profile near Aberdeen Creek (Figs. 3.8&3.9) show's 
a broad shoal on the SW side, a narrow secondary channel, with a broad rise separating
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the secondary channel from the deeper, main channel. The NE side of the channel is 
quite steep. Because of the presence o f the mouth of Aberdeen Creek, there is a broader 
shoal on the NE side o f the channel as compared with the Pod Site Transect. The 2i,)Pb 
profiles (Figure 3.8A and 3.8B) show excess 2l0Pb activity is generally uniform 
throughout. Because these were from box cores they do not reach the maximum depth of 
l37Cs. Both cores are composed primarily o f mud (-70-80%), with a sand layer in each.
A profile from the rise reveals anomalously high excess 2l0Pb activities of 30 dpm/g in the 
upper 7 cm of the core (Figure 3.8C). These activities are an order o f magnitude higher 
than those found in any other core in the river. Activities decrease in a stair-step manner 
throughout the core. The %mud profile for this core is also quite anomalous, the coarsest 
grained material is at the surface, where the highest activities are found. The x- 
radiograph (Figure 3.9C) reveals a large C. costata in life position within its burrow, 
along with M. balthica shells. The C. costata burrow appears to be within laminated 
sediment. C. costata is a suspension feeder, thus by collecting suspended material from 
the water column, they feed on material which would potentially have the highest excess 
2l0Pb activity. By sampling within C. costata burrows and adjacent unburrowed 
sediments from a different site in the secondary channel we found that the burrow fill has 
excess 2!0Pb values o f 1.5 dpm and the surrounding sediment had background activities of 
<0.1 dpm. At least two C. costata burrows were within the subcore sampled for 2l0Pb 
analysis for this site, the back fill of these burrows possibly has provided anomalously 
high activities for the surface of this core.
The core from the SW flank (Figure 3.8D) also has a deep, excess 2!0Pb profile 
indicating deep mixing, the shifts in excess activity probably result from multiple mixing
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events. The x-radiograph (Figure 3.9D) shows that the strata consists o f alternating 
layers o f finely laminated and bioturbated sediment suggesting multiple mixing events, 
with layers o f  fine and coarse sediment interspersed.
The excess 2l0Pb profile from the base o f the channel (Figure 3.8E) shows that the 
upper 100 cm o f the seabed is mixed. The x-radiograph (Figure 3.9E) shows that, like the 
SW flank (Figure 3.9D), the strata is comprised of alternating layers of finely laminated 
and bioturbated sediment, suggesting multiple mixing events. The light units are 
probably composed of coarser sediment. Some o f the surfaces have existed long enough 
to have been heavily burrowed, suggesting that they may have been active surfaces for an 
extended period o f time prior to burial.
The profile from the base of the NE flank of the channel was collected using a box 
core. Both the excess 2l0Pb and %mud curves (Figure 3.8F) are nearly uniform 
throughout and 13 Cs is present at the base, suggesting either rapid deposition or deep 
mixing. The x-radiograph from this core (Figure 3.9F) shows that the sediment is 
comprised o f finely laminated mud containing abundant gas vesicles.
The excess 2l0Pb profile from the upper NE flank of the channel decreases 
logarithmically throughout the core (Figure 3.8G). Modeling this profile as accumulation 
yields a 2l0Pb maximum accumulation rate inconsistent with the maximum depth o f 13 Cs. 
Modeled as a mixing profile, yields a Db = 0.43 cm2 y '1. Although there was no x- 
radiograph from this core, the x-radiographs from the Poropotank and Pod Transect 
suggest that this environment is subject to intense bioturbation.
The x-radiograph from the NE shoal, near the mouth of Aberdeen Creek (Figure 
3.9H) contains some bivalve shells and reflects intense bioturbation, with no preservation
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of primary stratification. The excess 2l0Pb profile (Figure 3.8H) decreases logarithmically 
throughout the core and correlates closely with the %mud curve, suggesting that the 
profile reflects change in grain-size and biological mixing rather than accumulation, the 
mixing depth is -10  cm deeper than on the flank and Db = 1.19 cm2 y '1 suggesting that the 
benthic community differs slightly between the flank and shoal.
Goodwin Island Transect- The Goodwin Island transect is the only transect from the 
lower York (Figs. 3.10&3.11). The profile shows that the channel is asymmetrical, with 
a narrow shoal on the south side and a deep channel. The base o f the channel is narrow 
and both flanks are quite steep. The north flank contains a submerged terrace at -10  m 
depth (Fig. 4 .10C) and a wide hummocky shoal in -3  m of water. The excess 2|,)Pb 
profile for the south-side shoal (Figure 3.10A) reveals a decrease in excess activity 
throughout the core. Modeled as accumulation, the 2|l)Pb accumulation rate is 
inconsistent with the maximum depth o f 13 Cs indicating that the profile reflects mixing 
rather than accumulation, the mixing rate is calculated to be 3.29 cm2 y '1.
The excess 210Pb profile (Figure 3.1 OB) for the channel shows two intervals of 
uniform activity to a depth of 120 cm. There is an offset in the mixing profile at 50 cm 
suggesting that there have been two episodes of mixing. The x-radiographs (Figure 
3.1 IB) reveal that the strata are composed of faintly laminated sediments with a hiatal 
surface at the base o f the mixed layer. The north flank excess 210Pb profile (Figure 3. IOC) 
shows that there are two intervals o f decreasing activity, the upper interval yields an 
accumulation rate of 2.1 cm y '1, while the lower interval yields an accumulation rate of 
0.35 cm y '1. 13'Cs is measurable to a depth of 40 cm. The predicted 13 Cs depth, based on
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the two stage accumulation 210Pb accumulation rate, is within one sample interval of 
where it is found suggesting that these :i0Pb rates are reasonable. The x-radiographs 
(Figure 3.11C) show that although there is significant evidence of bioturbation, there is 
preservation of primary laminations as well. According to Schaffner et al. (1999), the 
benthic community in this system lacks abundant macrofauna which would result in deep 
biological mixing, thus the bioturbation which exists in these sediments would most 
likely affect the upper few centimeters of the seabed.
Sidescan sonar Observations
Sidescan sonar surveys within the York River have revealed three features o f note 
which have implications when interpreting fine scale strata formation and seabed mixing 
in the York River. Figure 3.12 shows a sidescan sonagram as well as a fathometer profile 
from the NE flank of the main channel near the Aberdeen Creek transect. The fathometer 
profile shows jagged features in the seabed just above the steepest portion of the channel; 
these appear to be slumps. The sidescan sonagram also shows these features adding 
further evidence for slumping along steep portions of the channel. This slumping would 
suggest that the NE flank is erosional and the observation of slump deposits within the 
channel adds an episodic component to the ephemeral deposition within the channel.
A sidescan sonagram and fathometer profile (Fig 3.13) from a channel-normal 
line taken about 1 km up river from G-P show a series o f hydroid mounds oriented 
channel normal. The fathometer profile shows a high degree of roughness throughout the 
entire region where the hydroids were found. The expanded scale of the fathometer
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profile shows seabed relief on the order o f  25-50 cm. Schaffner (personal comm.) has 
reported the existence of  extensive hydroids (S. argentea) throughout deeper portions of 
the main channel from Aberdeen Creek to the mouth o f  the river. The hydroids appear to 
act as sediment traps, trapping a large amount of sediment around the mounds, with 
scouring in front o f  the mounds (See Schaffner et al., 1999 in review). Additionally, the 
hydriods are occasionally scoured from the seabed and the mounds destroyed, the 
formation and destruction o f  these mounds probably provides seabed mixing on the 0.5 m 
scales on a decadal time frame.
DISCUSSION 
Hurricane/Tropical Storm Disturbances
Throughout the York River, excess :i0Pb profiles from each o f  the cores from the 
channel contain two layers within the mixed portion o f  the profile, with activities o f  the 
lower layer -50%  lower than an upper sub-layer (Figure 3.14). With the noted exception 
o f channel core from the Pod Transect (Figure 3 .14B), the transition from the mixed layer 
to background activities occurs across one sample interval. The x-radiograph from the 
channel core from the Goodwin Island transect in the lower York River (Figure 3.1 IB) 
reveals an erosional surface at the base o f  the mixed layer, and the channel core from the 
Poropotank transect (Figure 3.14A) has a mixed layer o f  mud which lies above a sand 
layer, the surface o f  the sand appears to be a hiatal surface. Generally, the thickness of 
the lower sub-layer and the total thickness o f  the mixed layer is thinner upriver than
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downriver. All o f  these cores from the channel have similar records o f  mixing. The base 
o f  the mixed layer appears to have been eroded away, then a 2l0Pb homogenized mixed 
layer was deposited above this erosional surface, suggesting that a series o f  younger, 
shallower mixing events has formed a shallow mixed sub-layer. The -50%  change in 
activities between the upper and lower sub-layers suggests that the time between the 
homogenization o f  the upper and lower sub-layers is on the order o f  a half-life, or -20  y, 
and the upper-sub layer is probably still undergoing active mixing.
For this record to have been recorded in cores from the channel throughout the 
entire river would require that the mixing o f  the lower sub-layer would have been event 
driven, and the event would have been large enough to have impacted the entire river. 
Tropical Storm Agnes (June 21- July 6, 1972) struck the lower Chesapeake Bay -23 y 
before the first core was recovered in this study. The affects o f  Tropical Storm Agnes 
(June 21- July 6, 1972) have been reported for both the James and Rappahannock Rivers 
(Nichols, 1977; 1993). Both o f  these systems experienced both an intense storm surge 
and severe flooding. It is assumed that since the York River lies between these two 
estuaries the York River responded in a similar manner to this event. Within the James 
and the Rappahannock Rivers, the storm surge resulted in increased bed stresses 
throughout the estuary, near-bottom suspended loads increased 5-10 fold as a result o f  the 
surge and wave resuspension, initially driving sediment landward up the estuary (Nichols, 
1977; 1993). After the storm surge, high rainfall resulted in major flooding throughout 
the watershed, with peak sediment discharge slightly lagging peak river discharge. With 
increased freshw'ater, the water-column went from partially stratified to highly stratified 
and the turbidity maximum was driven into the lower river. A steep longitudinal
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suspended sediment concentration gradient developed with a seaward decrease in 
grainsize. As a result, much o f  the fine grained suspended sediment initially transported 
upriver was distributed along the middle and lower estuary.
This series o f  events is consistent with the mixing histories recorded in these 
cores. The storm surge would have eroded the seabed, possibly scouring the seabed 
down into sediments which only contain background levels o f  2l0Pb and were deposited 
prior to the introduction of l37Cs. Recently deposited sediment from the upper seabed 
would be mixed with sediment which had been buried deeper in the seabed. As the 
suspended and bedload was returned to the seabed, the older, freshly deposited sediment 
would have been homogenized in terms o f  2iaPb and 13 Cs. The scouring from the storm 
surge would have been most intense in the lower York River, but may have affected the 
seabed o f much o f  the river and net transport would have been upriver. The flooding 
which commenced a few days after the storm surge would have transported much o f the 
sediment which had been deposited upriver, back down-river. Additionally, there would 
have been siginficant deposition o f  new material transported into the estuary via fluvial 
transport. As the system recovered and returned to equilibrium, more sediment transport 
occurred. The thicker lower mixed layer in profiles in Figs. 3.14D&E probably result 
from deeper erosion during the scouring and greater deposition due to the down-river 
transport during the flooding. The lower activity in the lower portion of  the mixed layer 
probably results both because this mixing event was older than the mixing in the upper 
layer and because the sediment in the lower portion is a mixture o f  older sediment 
depleted of  210Pb and void o f  137Cs. The mixing in the upper layer represents the mixing 
which occurs through active processes in the upper seabed unrelated to Tropical Storm
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Agnes.
Environments and Facies
Facies have been developed based on observations and measurements from the 22 
cores contained in the four transects. In general, both above and below G-P, one side of 
the river is characterized as having deep physical mixing o f  the seabed, and a broad shoal, 
the other side appears to be ‘non-depositional,’ and is characterized by biological mixing 
with limited physical reworking and a narrow shoal. Within the physically dominated 
side o f  the river, x-radiographs reveal sequences o f  finely laminated to moderately 
bioturbated sediment bounded by hiatal surfaces. Cores proximal to the shoal show a 
greater presence o f  light banded units resulting from sand layers. Within the biologically 
dominated side o f  the river, x-radiographs reveal moderate to intensely bioturbated 
sediment. Grain-size data reveal that the shallower the water depth, the higher the sand 
content. Below G-P, the NE side of the river is physically dominated and the S side is 
biologically dominated; above G-P the trend is reversed. Throughout the river, the 
channel is characterized as being physically dominated. Within the physically dominated 
side, facies have been characterized for the shoal, flank, and channel with a 
subenvironment for the secondary channel. Within the biologically dominated side o f the 
river one facies has been characterized for the combined shoal and flank.
Depositional shoal- The muddy portion of  the shoal generally exists in 2-3 m o f  water 
and is characterized by deep physical mixing o f  the seabed. In depths shallower than
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~-2 m, the seabed becomes progressively sandier as it shoals to a sand beach. Excess 
:i0Pb, grain-size and x-radiographs reveal fining upwards sequences with the top o f  each 
sequence marked by scour surfaces (Figure 3.7). Each sequence is 10-50 cm thick, 
suggesting deposition rates on the order o f  10-50 cm y '1. However, based on the one 
2l0Pb accumulation rate from this environment, accretion rates are probably <0.7 cm y '1. 
The fining upwards sequences recorded in the shoal cores suggest that there is significant 
across shoal transport o f  sand and mud. During storms, the shoals undergo a great deal of 
erosion as waves and storm surges increase the shear stress on the seabed. Coarse grained 
sediment higher up on the shoal is transported across the shoal to deeper waters. As the 
storm subsides, finer grained material settles from the water column.
Depositional fla n k -  Within the upper York, the upper portion of the depositional flank is 
marked by seabed mixing ranging in depth from 30-50 cm. Although the grain-size 
profiles show that the cores primarily contain mud, the profiles show that some intervals 
have higher sand content than others, suggesting that there is transport o f  sand from the 
shoals to the flanks. Because the sand content is low throughout the cores, these grain- 
size changes are not generally reflected in the : "}Pb profiles. The x-radiographs show 
two modes of sedimentary fabric, either the cores are comprised o f  units o f  finely and 
coarsely laminated sequences, or the cores contain interv als which reflect a component of 
bioturbation. Sedimentary structures dominated by bioturbation were found in two 
places, first in lower and steeper portions o f  the flank in the upper York River, and along 
the depositional flank within the lower York River. In the former case, mixing o f  the 
seabed is much shallower (-20  cm) than in the upper flank (>30 cm) and 210Pb profiles
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reflect biological mixing rather than accumulation. The x-radiographs reveal intervals of 
sediment completely reworked by biological mixing and intervals o f  finely laminated 
sediment indicative of physical mixing, suggesting that the 2,0Pb profiles reflect a 
combination o f  biological and physical mixing. Within the depositional flank o f  the 
lower York River, 2l0Pb profiles reveal high accumulation rates rather than deep physical 
mixing, however the x-radiographs reveal extensive biological mixing. Schaffner et al. 
(1987b) showed x-radiographs from the lower James River which also had extensive 
bioturbation, however 137Cs profiles revealed accumulation rather than mixing. This was 
explained by the presence o f  shallow dwelling polychaetes which homogenize the upper 
few centimeters o f  the seabed but do not cause deeper mixing. The result was a 
radioisotope profile which reflects accumulation and x-radiographs which reveal 
significant biological mixing. This explanation probably applies to the depositional flank 
within the lower York River.
Seabed mixing o f  the flank probably results primarily from across estuarine 
sediment transport during storms. The flank and the shoal appear to be coupled, implying 
that when sediment is transported off the shoal during storms this sediment is transported 
to the flank. When sediment is transported onto the shoals it is removed from the flanks. 
This would explain why the mixing is greater in the upper portion o f  the flanks which 
would exist longer in the wave-base than the lower portion of the flank. Within the upper 
portion of the depositional flank, 210 Pb accumulation rates are <0.76 cm y '1, suggesting 
that the depositional flank is a site o f  elevated sediment accretion. The depositional flank 
in the lower York River appears to be a site o f  higher accretion with 210 Pb accumulation 
rates ranging from 0.4-2.0 cm y '1.
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Secondary channel- Although the secondary channel is characterized by deep physical 
mixing, (Dellapenna et al., 1999) there is a high degree o f  spatial heterogeneity in terms 
o f  these mixing depths. This is partly due to the formation and dissipation o f sedimentary 
furrows on a spring-neap cycle . On top o f  this short-term mixing record is a longer, 
probably seasonal signal of sediment erosion/deposition within the secondary channel, 
which may be driven in part by the longitudinal migration o f  the turbidity maximum. 
Deep mixing occurs through a series o f  5-10 cm sequences bounded by hiatal surfaces. 
Based on changes in sediment mixing depths, deposition rates are on the order o f  20-50 
cm y '1, however, accretion rates based on :i0Pb geochronology are on the order of <0.2 
cm y '1. The sediment in cores from this setting are composed primarily o f  mud with only 
minor amounts o f  sand (< 10%). X-radiographs reveal that the cores contain layers of 
finely to coarsely laminated sediments 5-10 cm thick, with these layers bounded by hiatal 
or erosional surfaces.
C hannel- The channel facies displays the greatest along estuarine variation. Near the 
head o f  the river, where the channel is narrow and relatively shallow at (-S depth), a -50  
cm thick mixed layer exists above a massive sand unit. :i0Pb profiles suggest that there 
does not appear to be accretion o f  mud at this site. The turbidity maximum generally 
exists within this portion of the river and probably plays a significant role in the 
deposition o f  this mud. In the upper River, below the turbidity maximum, the channel is 
narrow and deeper with depths -12  m. Mixing depths range from 30-100 cm, and 
accretion rates appear to be low. Where the channel is narrow and steep, channel 
slumping may be a significant depositional process and tidal reworking would transport
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some o f this slumped material away from the site o f  initial deposition. At Aberdeen 
Creek the channel widens and deepens, and mixing depths are 100-120 cm. Grain-size 
data show that the channel cores are composed primarily o f  mud. Note that in the two 
upriver most cores (Figs. 3.14A&B) there is sand where the 2l0Pb activities go to 
background levels. X-radiographs reveal layers of finely to coarsely laminated sediment 
2-10 cm thick bounded by erosional and hiatal surfaces, some o f  these surfaces, 
especially deeper in cores show abundant burrowing, suggesting that they were active for 
extended periods o f  time.
Similarities in :i0Pb profiles between widely spaced cores in this environment 
demonstrate that there is an older, deeper mixing event which affected the channel 
throughout the river. This is discussed in more detail in the previous section. The 
younger, shallower mixing o f 50-75 cm o f the seabed suggests that shorter-term 
processes still provide deep mixing in the channel o f  the lower half o f  the river. Much of 
this mixing probably results from the formation and destruction o f  biogenic mounds 
created by the presence o f  epifauna including hydroids. Additional mixing may result 
from intense sea surges and storms.
Biologically dom inated f la n k  and shoal- The non-depositional flank is often quite steep, 
and below the upper few centimeters, much of it appears to be comprised o f  relict muds. 
Both within the upper and lower York, 2l0Pb profiles reveal that the intervals o f  uniform 
excess activity found within the depositional portion o f  the river are completely absent 
within the biologically dominated flank and shoal. Excess 2l0Pb activity decreases 
throughout the profiles and inconsistencies between calculated :i0Pb accumulation rates
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and the maximum depth o f 13 Cs suggest that the profiles reflect biological mixing rather 
than accumulation. X-radiographs reveal that the sediments tend to be moderately to 
highly bioturbated with little preservation o f  primary laminations. Bivalve shells are 
common in most cores, with M. balthiea fragments and in live position common. 
Biodiffusive mixing rates are low. ranging from 1-3.3 cm2 y '1.
In places where the biologically dominated side o f  channel is steep, slump 
deposits can be found at the base o f  the channel. Evidence for these slump deposits has 
been found in both sidescan sonar as well as one core (Figure 3.8F). The only core which 
is believed to be from one of these slump deposits shows uniform excess 2l0Pb throughout 
its 30 cm length.
Most o f  the cores collected from the non-depositional shoal were composed 
primarily o f  muddy sands, some o f  the sites in the upper York for which cores were 
attempted were contained mainly o f  old oyster shells, preventing the successful 
acquisition o f  cores. X-radiographs reveal that the sediment from the shoals are heavily 
bioturbated. The presences o f  the slumping as well as the lack o f  mud suggests that these 
environments lack the deep physical mixing found on the depositional side o f  the river. 
This environment appears to be largely non-depositional and in some places may be 
erosional.
Overall Trends in Deposition, Erosion and Seabed Mixing
The physically dominated side o f  the river is characterized as having a high 
sediment deposition rate and an elevated accretion rate, while the biologically dominated
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side o f  the river is characterized as being non-depositional and has no net accretion. 
These observations suggest that channel migration is occurring within the system similar 
to that o f  a cut bank and point bar system (e.g. Middleton and Murray, 1980). A 
conceptual model o f  this system is presented in Figure 3.15. In Transects A-C, the 
channel appears to be migrating from the SVV side o f  the river towards the NE. The SW 
flank o f  the channel and secondary channel appear to be sites with the highest sediment 
accumulation rates and deep seabed mixing appear to be restricted to the portion of the 
river within and SW of the main channel thalweg. At the base o f  the ‘non-depositional’ 
flank, slumping appears to be a localized process. Above this interval there does not 
appear to be significant physical seabed mixing but biological mixing is present 
throughout the non-depositional portion o f  the seabed. The ‘non-depositional’ flank is 
interpreted to consist mainly o f relict muds and sands which are being scoured as the 
channel migrates from the SW towards the NE side o f  the river. Although the lower 
York River is a much wider and deeper system than the upper York the same basic trend 
appears to be present in the lower York River, except it is the NE side o f  the river which 
is depositional and the SW side is non-depositional or erosional.
Particle Residence Times
First order estimates o f  particle residence times were made by dividing the mixing 
depth by the rate o f  sediment accumulation (Nittrouer and Sternberg, 1981). Because 
only a few areas were found to exhibit reasonable 2l0Pb accumulation rates the discussion 
o f  one-dimensional residence times will be restricted to these sites. These residence
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times (Table 1) range from 41 to 250 y, with the longest residence times occurring within 
the secondary channel, where accumulation rates are low and mixing depths are deep.
The lowest particle residence times were found along the SW flank at Poropotank Cr. and 
the Pod Site, where, although mixing depths are on the order o f  30-45 cm, accumulation 
rates appear to be relatively high. The accumulation rates and mixed-layer thicknesses 
assume steady state conditions. In this case where there are orders o f  magnitude 
differences in deposition rates and accretion rates, conditions o f  steady state are almost 
certainly not met. Estimations o f  residence times from an individual core is a one 
dimensional measurement. Physical mixing, however, is a three dimensional process, 
occurring through episodic deposition and erosion and transport. High deposition and 
low accretion necessitate that short-term erosion and deposition are nearly coupled 
processes. As the higher energy conditions which cause erosion and resuspension 
dissipate, recently suspended sediment within the water-column deposits. Sediment may 
initially focus in places other than where intense erosion occurred, but over time sediment 
transport replaces much o f  the material which was eroded.
Volumetric/Mass Calculations of Mixed Layer
Another approach to estimating particle residence times within the mixed layer is 
to compare the mass of sediment in the mixed layer to the sediment yield o f  the river. 
Based on the facies model developed in this study, the river has been subdivided into six 
subenvironments. Mixing depths were extrapolated away from core locations based on 
facies and depth contours. Surface area calculations for each subenvironment was made
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using ARCINFO. The subenviroaments for the SW Shoal (2-4 m depth), upper main 
Channel, and SW Flank cover an area from just above Terripin Pt. to King Creek (Figure 
3.16). The Secondary channel subenvironment is also contained within this region. 
Below King Creek, the shoals and flank narrow considerably, since there are no cores in 
these areas, they were left out o f  the calculations. Since river yield is presented in units 
o f  mass, the volume o f  the mixed layer has been converted to mass. To do this, porosity 
(4>) values were derived from water-content measurements made for each core. The 
density (p) o f  quartz (2.65 g c i r r )  was used to calculate a mass correction using the 
equation:
Mass Correction = p(l-cj>) (3-2)
Table 2 presents the data and results o f  these calculations. The mass o f  the mixed layer is 
-2x  10 10 kg or 2x 107 tonne. Nichols et al. (1991B) estimated the yield o f  the York River 
to be 0 .4xl06 tonne/yr (Table 3) by using a yield estimate from the Rappahannock River 
and scaling it down based on the size o f  the York River drainage basin. The mass of the 
physically mixed layer is equivalent to -5 0  y of total estimated sediment yield for the 
river, including inputs from shore erosion and marine sources. Nichols et al. (199IB) 
estimated that marsh accretion would reduced the yield by 0.1 lx l0 b tonne/yr, decreasing 
the yield estimate in the river to 0.3x106 tonne/yr and making the mass in the mixed layer 
equivalent to 70 y o f  river yield. The York River watershed is much smaller than the 
Rappahannock watershed. Furthermore, whereas much of the Rappahannock watershed 
is in the piedmont, the York River watershed lies between the Rappahannock and James
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River watersheds, with a much lower percentage o f  the York River lying within the 
piedmont. Estimates o f  the volume o f the physically mixed layer, although based on 
relatively little data, are probably on the conservative side. Although lower than most of 
the one dimensional estimations o f  particle residence times from core data, the estimation 
that the physically mixed layer conservatively represents 50-70 years of sediment yield 
for the York River is o f  the same order o f  magnitude o f  half century to century scale 
residence times. Throughout much o f  the river where there is deep mixing, there are two 
layers in the mixed interval, an older deeper layer, possibly due to Tropical Storm Agnes 
and a younger shallower layer due to active mixing processes. On the century' time 
frame, it is assumed that storms such as Tropical Storm Agnes are a natural part o f  the 
system and these storms will contribute significant mixing on this time frame.
Frequency of Seabed mixing/Source of Energy
Although deep physical mixing within the seabed is present throughout the 
depositional side o f  the York River, the sources o f  energy and frequency o f mixing events 
may vary greatly from the lower to the upper York River (Table 3-4). The lower York 
River is a much wider and deeper system and is proximal to the mainstem o f Chesapeake 
Bay. As a result, smaller storms and tidal energy may not have as great o f  an effect. 
However, larger storms and associated sea surges will have the greatest impact in this 
portion o f  the river. The upper York River is much narrower and shallower and as the 
formation and dissipation o f  sedimentary furrows demonstrates, it is more susceptible to 
spring/neap tidally driven mixing events. Co-phased tides as well as nor’easters, tropical
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storms, hurricanes and flooding are other likely energy sources for deep mixing. Because 
of the size of events which will disturb the seabed in the lower York, mixing events are 
probably more intense but probably exist primarily on the decadal to century time frame. 
In the upper York River, there is a wide range in intensities o f  disturbance, and the 
frequency o f  small to medium scale events range from fortnightly to interannual and 
bigger events on the decadal to century time frame. Because the magnitude o f  high 
frequency events can be relatively intense in the upper York, much o f the record o f  more 
widely spaced events will be erased.
The biologically dominated side o f  the river appears nearly completely 
bioturbated everywhere that it was sampled. Although bioturbation was present within 
the depositional side o f  the river, bioturbation was primarily limited to erosional surfaces 
which were buried. Although the potential for bioturbation exists on both sides o f  the 
river, the physical mixing processes which exist within the depositional side o f  the river 
continually disturb the seabed, erasing the record o f  bioturbation and limiting the 
development o f  the benthic community. The ‘non-depositional’ side o f  the river has a 
better preserved record o f  bioturbation both because the record o f this biological mixing 
is not continually destroyed by physical processes and because o f  the limited affect o f  
these physical disturbances on the seabed.
CONCLUSIONS
Deep mixing o f  the seabed exists throughout most o f  the York River; one side, 
including the channel, flank and shoal, is dominated by high deposition and physical
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mixing, and the other flank and shoal is dominated by biological mixing. Below 
Gloucester Point, it is the NE side o f  the river which is dominated by physical processes, 
above Gloucester Point the south side is physically dominated.
Sedimentary facies have been developed for the physically dominated shoal, 
flank, secondary channel, channel and for the biologically dominated flank and shoal. 
The physically dominated shoal is characterized by physical mixing to depths o f  200 cm 
within the seabed and is marked by sequences o f  upward fining units which most likely 
result from across-shoal transport o f  sediment. These sequences are bound by hiatal 
surfaces. The secondary channel, which extends along a -1 0  km section o f the upper 
York River, is characterized by a great deal o f  spatial heterogeneity in mixing depths due 
to the formation o f  transient sedimentary furrows. Mixing depths range from 5-110 cm, 
but are typically >50 cm and accretion is on the order o f  0.2 cm y '1. The physically 
dominated Hank is a site o f  active deposition, with accretion rates <0.76 cm v '1 and 
mixing depths typically in the range o f 50 cm. The presence o f  hiatal surfaces at the base 
o f  the mixed layer in cores from the channel prohibits the calculation of accretion rates, 
but mixing depths range from 50 cm near the head o f  the river to >100 cm within the 
lower river. Deep physical mixing within the lower York River appears to result both 
from older event driven processes which have mixed the seabed down to >100 cm as well 
as by active processes that result in mixing to depths o f  50-75 cm. It appears that the 
formation and destruction o f  hydroid bioherms control much o f  the more recent mixing. 
The biologically dominated flank is comprised o f  relict muds and sands and is a site of 
low to non-deposition with biological mixing to depths o f  40 cm.
Low accretion and deep physical mixing depths result in long particle residence
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times within the physically mixed layer. Residence times calculated for individual cores 
range from 30-250 y, with most residence times favoring the century time-scale. The 
mass o f  sediment within the physically mixed layer is estimated to be 2 x l0 7 tonne. The 
annual York River sediment yield, discounting marsh accretion is estimated to be 0.3x10b 
tonnes yr'1, making the mass in the mixed layer equivalent to 70 years o f  river sediment 
yield. This estimate is consistent with estimates for residence times for particles (-100 y) 
within the mixed layer as determined from sediment cores. The frequency and depth of 
physical mixing events may differ between the lower and upper York River. The lower 
Y'ork is more susceptible to large storms and waves coming from the lower Chesapeake 
Bay, leading to intense, but infrequent disturbances. In contrast, the upper York River is 
much narrower and shallower and is more susceptible to spring/neap tidally driven 
physical mixing events, co-phased tides, and river flooding. The frequency of shallow 
physical mixing events is probably much higher in the Upper York River, however the 
frequency of deep physical mixing events which effect the entire mixing profile appear to 
be relatively infrequent in both the upper and lower York and is probably limited to 
decadal to half century time frames. Estimates o f  panicle residence times, mixing depths 
and mixing frequencies have significant implications in terms o f  the fate, transport and 
cycling o f dissolved and particle bound contaminants, organic matter, and nutrients 
within the seabed. Frequent shallow physical mixing events will continually recycle 
nutrients and contaminants in the system and deeper, less frequent physical mixing events 
may release contaminants which are buried deeper in the seabed, increasing their 
residence times in the environment and their potential bioavailability. Fluctuating redox 
conditions greatly enhance the microbially mediated decomposition o f  naturally-
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occurring as well as contaminant organic material and alters the mobility of metals 
(Aller, 1994; Aller, 1998). Additionally, the frequency and depth o f  physical mixing will 
have significant impacts on the benthic community (Schaffner et al., 1999 in review). 
Events which disturb the seabed at the decimeter scale on seasonal to annual time frames 
will greatly restrict the benthic community, allowing for only short-lived, opportunistic 
communities to persist. However, if the frequency o f disturbance is limited to the decadal 
time frame, more complex benthic communities may develop.
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TABLE 3-1 













Upper SW Flank- 
Poropotank Cr.
11-12-96SS a a (abase 
o f  core
>50 cm a a -
Lower SW  Flank - 
Poropotank Cr.
1 1-12-96SF 0.2S cm  y'1 50 cm 45 cm 160 y -
Channel-Poropotank Cr. 5 - 1 1-98KC-6 hiatal* 71 cm 60 cm n/a -
Lower NE Flank- 
Poropotank Cr.
11-12-96N F biodiff ." 21 cm* 0 - 1.5 cm : y'1
Upper NE Flank - 
Poropotank Cr.
11- 12-96NS biodiff ." 19 cm* 0 - 3.35 cm : y 1
SW  Shoal-Pod Site 10-30-96K.C-2 <0.74 cm
y '
201 cm 200 cm <231 y -
Secondary channel- 
Pod Site
01-05-95KC-1 0.2 cm y ’1 61 cm 50 cm 250 y -
Upper S. Flank- 
Pod Site
PODSF 0.76 cm y '1 fa base 
o f  core
30 cm 41 y -
Lower S. Flank-Pod Site 5 - 1 1-9SKC-5 0.3 1 cm y 1 20 cm 0 — -
Channel-Pod Site 9 - 1 1-95KC-2 hiatal' 56 cm 35 cm ISO y -
SW Shoal-Aberdeen Cr. ABSS n a 'abase 
o f  core
>40 cm n a -
Secondary channel- 
Aberdeen Cr.
ABOC n a (abase 
o f  core
>40 cm a  a -
Rise-Aberdeen Cr. 9 - 1 1-95BC-4 0.08 cm  y ': 25 cm 17 cm 213 y -
SW  Flank-Aberdeen Cr. 5 -1 1-9SK.C-3 0.25 cm  y'1 65 cm 55 cm 204 y -
Channel-Aberdeen Cr. 5 - 1 1-9SK.C-4 hiatal' 110 cm 100 cm 873 y -
Lower N. Flank- 
Aberdeen Cr.
ABNF n  a 'abase 
o f  core*
>30 cm a  a -
Upper N. Flank- 
Aberdeen Cr.
1-05-95KC-2 biodiff ." 11 cm* 0 - 0.43 cm" y
NE Shoal-Aberdeen Cr. A BNS biodiff ." 25 cm* 0 - 1.19 cm" v'1
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South Flank-Goodwin  
Is.
1-23-95KC-2 biodiff." 31 cm* 0 - 3.29 c n f  y 1
Channel-Goodwin Is. 1-25-95KC-1 hiatal' 130 cm 110 cm 396 y -
North Flank-Goodwin  
Is.
5 -1 1-98K.C-2 2.1 cm  y ' 
(0-25 cm)
41 cm 0 - -
North Flank-Goodwin  
Is.
5 - 1 1-9SKC-2 0.4 cm y'1 
(25-70 cm)
41 cm 0 - —
*Maximum l3,Cs depth deeper than predicted depth.
'Hiatal surface at base o f  mixed layer prevents calculation o f  accretion rate. 
“ Biodiffusive mixing prevents calculation o f  accretion rate.
TABLE 3-2
Summary of Volume/Mass Data of Mixed Layer
Subenv. S. Shoal S.Flank U. Chan Pal.Chan. M.Chan L.Chan Toials
Area 6 E - 6  n f 12E -6  trr S.SE-5 m : 6 .6 E -6  m ‘ 1 5 E -6  m: 6 .9 E -6  m' 5.6E -7  m'
Thickness l.S m 0.3 m 0.5 m 1.0 m 1.1 m 1.2 m -
Volume 11 E -6  nr 3 6 E -6  nv 4 .4 E -6 6 .5 E -6  m' 1 6E -6  mJ S.2E-6  m' 5 I E -6 m '
Porosity 0.S4 0.85 0.84 0.85 0.86 0.S6 -
Mass
Corr.
424 397.5 424 397.5 371 371 -




0 .2 6 E -9
kg
6 .2 1 E -9
kg
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TABLE 3-3
Sediment Input Mass Estimates by Source





(after Nichols et al., 199IB)
TABLE 3-4
Relative Disturbance by Energy Sources
Energy Source Upper River 
G-P - West Point
Lower River 
Tue Marsh Lt - G-P
















X . x •
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Figure 3.1 The York River Base map. The locations of transects used in this study 
are shown and the box and kasten cores used in each transect are marked 
with small black circles.
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Figure 3.2 SSC Pod Site- Sidescan sonagrams from two different surveys o f  the
secondary channel. Sonagram A shows closely spaced linear sedimentary 
furrows, the wavy orientation o f  the furrows in the image results from 
course correction of the tow vessel rather than changes in furrow 
orientation. Sonagram B is an enlargement o f  a portion o f  Sonagram A, 
again the furrows are linear, the tow vessel was making a course correction 
when the image was collected. Sonagram C shows the seabed during 
Spring Tide when the furrows were absent.
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Figure 3.3 Poropotank 2l0Pb transect- The generalized transect A -A’ (SVV-NE) is 
shown along with a profile of the river. The excess ~l0Pb profiles are 
highlighted with a line o f  short dashes, the maximum depth o f 13 Cs is 
marked with a broad dashed line, if this line is missing then 13 Cs is 
present at the base o f  the core. The solid profile lines represent %mud. 
Where appropriate, the 2l0Pb accumulation and particle residence times are 
noted.
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Figure 3.4 Poropotank x-radiograph transect-Select x-radiographs negative from the 
transect A-A’ with a generalized river profile. Light bands in x- 
radiographs B and C result from sand layers, x-radiograph D contains 
oyster shells along with fragments o f Macoma ballhica shells.
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Figure 3.5 Pod Site transect-The generalized cross section B-B’ (SW-NE) is shown 
along with a profile o f the river. Labels are described in Figure 3.3.
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Figure 3.6 Pod Site x-radiograph transect-transect-Select x-radiographs negatives
from the transect B-B’ with a generalized river profile. Light bands in x- 
radiographs A, B, and D result from sand layers, and x-radiograph D 
contains a layer comprised of fragments of bivalves, primarily Macoma 
balthica. Sediments in x-radiograph F are primarily sand, dark layers 
result from mud; a \f. balthica in live position with a burrow to the surface 
is also present.
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Figure 3.7 YR 10-30-96 KC-2-transect- Select x-radiographs negatives along with the 
2l0Pb and clay content profile. Sand layers appear as light layers, and 
several of these are associated with sharp decreases in excess :inPb activity 
and shifts in clay content.
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Figure 3.8 Aberdeen Creek transect- The generalized cross section C-C’ (SW-NE) is 
shown along with a profile o f the river. Labels are described in Figure 3.3.
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Figure 3.9 Aberdeen Creek x-radiograph transect- Select x-radiographs negatives
from the transect C- C ’ with a generalized river profile. Light bands in x- 
radiographs A, C, D, E, and F result from sand layers. X-radiograph A 
contains a desiccation crack at the surface, an artifact which developed in 
the lab. X-radiograph C contains a Cyrlopleura costata in life position 
within its burrow, the light mud adjacent to the burrow is muddy sand. X- 
radiographs D and E show finely laminated mud, some of these have 
abundant burrows at the surface of these layers. X-radiograph F shows 
finely laminated mud with abundant gas vesicles which appear ax small 
black voids. X-radiograph H contains fragments of bivalves, primarily 
Macorna balthica.
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Figure 3 .10 Goodwin Is. Transect- The generalized cross section D-D’ (SW-NE) is 
shown along with a profile of the river. Labels are described in Figure 3
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Figure 3.11 Goodwin Is. X-radiograph Transect- Select x-radiographs negatives from 
the transect D-D’ with a generalized river profile and : '°Pb profiles 
showing the intervals o f the x-radiographs. More dense sediment appears 
as lighter layers, note that below the hiatal surface noted in x-radiograph 
B, the x-radiograph is lighter, indicating older, more compacted sediment. 
The break in the :i0Pb profile at 25 cm in C correlates to a hiatal surface in 
x-radiograph C. Burrows are abundant in this core and few other 
laminations are present. A faint hiatal surface is present which correlates 
with the maximum 13 Cs depth in this core.
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Figure 3.12 SSC Line 7 Aberdeen Creek- Sidescan sonar Line 7 shows a disturbed 
surface which appears to result from slumping o f the channel. The 
fathometer profile shows the channel cross section and a blowup of the 
slumped area.
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Figure 3 .13 SSC Hyrdoids- Sidescan sonar Line 27 shows a field of biohenns of 
epifauna primarily comprised of the hydroid Sertularia argentea, and the 
urochordate Molgula manhattensis. The fathometer shows the cross 
section profile o f the river and a blow up o f this shows the seabed 
roughness resulting from these biohenns.
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Figure 3.14 Channel Transect- A transect showing all of the excess 210Pb profiles from 
the cores taken within the channel. Labels are described in Figure 3.3. 
Note that within each profile there are deep intervals o f uniform excess 
2l0Pb activity showing deep mixing within these cores and within each of 
these profiles there are offsets reflecting uniformly lower activity in the 
lower portion o f the mixed layer than within the upper portion of the 
mixed layer.
180
























0 20 40 60 60 100
B
YR 9-11-95 KC-2






















E x c e ss  Activity (dpm/g) 
0.10 1.00 10.00
2 5  -
SO -
7 5  ~
100 -
125 - Max. ' 3TCs 
Depth
1 5 0
0  2 0  4 0  6 0  8 0  1 0 0
D
YR 10-28-96 KC-1











0 20 40 60 80 100
E
YR 01-25-95 KC-1








1 2 5 -
Max. 137Cs Depth
150
0 20 40 60 80 100
Figure 3.15 Facies Figure- Idealized cross sections o f the York River showing
interpretations o f the distribution o f seabed mixing and migration of the 
channel. Note that in cross section A-C the there is deep seabed mixing 
and net accretion on the SW flank and net erosion on the north flank and 
the channel is migrating northward. The trend is reversed in cross section 
D.
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Figure 3 .16 Volumetric Map- A map showing the distribution of the sedimentary 
facies used to make the volumetric calculation of the physically mixed 
layer in the York River.
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The locations and water depth are listed for all cores used in this study, because the 
Cherrystone Flats and Wolftrap sites were re-occupied monthly-semi-monthly for 24 
months, the site locations are provided, a list o f the cores is provided in Appendix B.
Station Core Number Water
Depth
Latitude Longitude
Cherrystone Flats All CF cores 14 m 37° 13.832’ 76° 05.242
Wolftrap All WT cores 17m 37° 13.852' 76° 05.207'
YR Plankton Buoy YR 3-24-94 18.6 m 37° 13.835’ 76° 29.223'
YR Plankton Buoy YR 04-29-94 8.4 m 37° 13.830' 76° 29.390'
YR Plankton Buoy YR 06-30-94 18.2 m 37° 13.835' 76° 29.223'
YR Plankton Buoy YR 04-29-94 6.7 m 37° 13.830’ 76° 29.390'
YR Pod Site YR 01-05-95 KC-1 6 m 37° 21.857' 76° 38.691'
YR Abr Cr NF YR 01-05-95 KC-2 11 m 1
tjnco00or-CO 76° 35.989'
YR YR 01-23-95 KC-1 — 37° 14.998' 76° 23.381'
YR YR 01-23-95 KC-2 3.5 m 37° 14.077' 76° 24.611’
YR YR 01-25-95 BC-1 15.8 m 37° 14.694’ 76° 20.571’
YR YR 01-25-95 BC-2 23.3 m 37° 14.279' 76° 25.492’
YR YR 01-25-95 BC-3 6.7 m 37° 14.989' 76° 23.398'
YR YR 01-25-95 BC-4 14.5 m 37° 14.689' 76° 24.495’
YR YR 01-25-95 BC-5 19.2 m 37° 14.887' 76° 22.459'
YR YR 01-25-95 BC-6 15.5 m 37° 14.714' 76° 20.550'
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Station Core Number W ater
Depth
Latitude Longitude
YR Porp. Cr. NF YR 11-12-96 BC-2 4.5 m 37° 25.642' 76° 41.869'
YR Porp. Cr. C YR 11-12-96 BC-3 7.3 m 37° 25.758' 76° 41.166'
YR Porp. Cr. SS YR 11-12-96 BC-4 2.9 m 37° 25.491' 76° 42.520'
YR Porp. Cr. SF YR 11-12-96 BC-5 4.9 m 37° 27.021' 76° 43.968’
YR Porp. Cr. SF YR 11-12-96 KC-1 5.0 m 37° 26.658' 76° 43.670'
YR Site 2 YR 07-31-97 KC-1 5 m 37° 21.262' 76° 38.202'
YR Site 2 YR 07-31-97 KC-2 5 m 37° 21.222' 76° 38.187'
YR Site 2 YR 07-31-97 KC-3 5 m 37° 21.261' 76° 38.201'
YR Pod Site YR 07-31-97 KC-4 5 m 37° 21.856’ 76° 38.648'
YR Pod Site YR 07-31-97 KC-5 5 m 37° 21.842' 76° 38.642'
YR Site 2 YR 08-06-97 KC-1 5 m 37° 21.21' 76° 38.29’
YR Site 2 YR 08-06-97 KC-2 5 m 37° 21.22' 76° 38.30'
YR Pod Site YR 08-06-97 KC-3 5 m 37° 21.82' 76° 38.80'
YR Pod Site YR 08-06-97 KC-4 5 m 37° 21.82’ 76° 38.82’
YR Pod Site YR 08-06-97 KC-5 5 m 37° 21.83' 76° 38.84’
YR Site 2 YR 08-13-97 KC-1 5 m 37° 21.20' 76° 38.22'
YR Site 2 YR 08-13-97 KC-2 5 m 37° 21.20' 76° 38.28'
YR Site 2 YR 08-13-97 KC-3 5 m 37° 21.20' 76° 38.27'
YR Pod Site YR 08-13-97 KC-4 5 m 37° 21.79’ 76° 38.77’
YR Pod Site YR 08-13-97 KC-5 5 m 37° 21.80' 76° 38.80'
YR Site 2 YR 08-20-97 KC-1 5 m 37° 21.220' 76° 38.280'
YR Site 2 YR 08-20-97 KC-2 5 m 37° 21.223' 76° 38.283’
YR Pod Site YR 08-20-97 KC-3 5 m 37° 21.795' 76° 38.765’
YR Pod Site YR 08-20-97 KC-4 5 m 37° 21.795’ 76° 38.765’
YR Pod Site YR 08-20-97 KC-5 5 m 37° 21.796' 76° 38.765'
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Station Core Number Water
Depth
Latitude Longitude
YR Site 2 YR 11-10-97 KC-1 5 m 37° 21.283' 76° 38.200'
YR Site 2 YR 11-10-97 KC-2 5 m 37° 21.283' 76° 38.200'
YR Site 2 YR 11-10-97 KC-3 5 m 37° 21.283' 76° 38.200'
YR Pod Site YR 11-10-97 KC-4 5 m 37° 21.815’ 76° 38.805'
YR Pod Site YR 11-10-97 KC-5 5 m 37° 21.815’ 76° 38.805'
YR Pod Site YR 11-10-97 KC-6 5 m 37° 21.815' 76° 38.805'
YR Lower River NF YR 5-11-98 KC-1 13.6 m 37° 14.242' 76° 26.154'
YR Lower River NF YR 5-11-98 KC-2 14.5 m 37° 14.672' 76° 24.581’
YR ABSF YR 5-11-98 KC-3 6.1 m 37° 19.777' 76° 36.167’
YR ABC YR 5-11-98 KC-4 12.1 m 37° 19.860' 76° 36.051’
YR Pod SF YR 5-11-98 KC-5 5.8 m 37° 21.932' 76° 38.239'
YR Porp SF YR 5-11-98 KC-6 8.8 m 37° 26.931' 76° 43.734’
YR Pod NF YR 5-21-98 BC-1 5.5 m 37° 22.160' 76° 38.059'
YR 2nd Channel YR 06-02-98 KC-1 5.5 m 37° 21.884' 76° 38.888’
YR 2nd Channel YR 06-02-98 KC-2 5.5 m 37° 21.886' 76° 38.871'
YR 2nd Channel YR 06-02-98 KC-3 5.5 m 37° 21.906' 76° 38.903'
YR 2nd Channel YR 06-02-98 KC-4 5.5 m 37° 21.295' 76° 38.382’
YR 2nd Channel YR 06-02-98 KC-5 5.5 m 37° 21.305' 76° 38.380'
YR 2nd Channel YR 06-02-98 KC-6 5.5 m 37° 21.302' 76° 38.385'
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APPENDIX B 
Maximum Depths of 7Be and 137Cs
The maximum depths o f  Be and l37Cs were measured using either a planar Low energy 
Gamma Detector (LeGe) or a Well Gamma Detector (W eGe) as described in the methods 
section o f Chapters 2-4. Since mixing was present in all o f the cores, activities were not 
calculated, only the presence or absence was recorded.
Station Core Number Max. Be 
Depth
Max. I3"Cs Depth
Cherrystone Flats CS 01-12-94 BC 3 cm
Cherrystone Flats CS 02-01-94 BC Not measured 27.5 cm
Cherrystone Flats CS 02-25-94 BC 2 cm Not measured
Cherrystone Flats CS 03-24-94 BC 2 cm Not measured
Cherrystone Flats CS 04-26-94 BC 1 cm Not measured
Cherrystone Flats CS 05-25-94 BC 2 cm Not measured
Cherrystone Flats CS 06-30-94 BC 3 cm Not measured
Cherrystone Flats CS 07-28-94 BC 4 cm Not measured
Cherrystone Flats CS 08-25-94 BC 4 cm Not measured
Cherrystone Flats CS 09-25-94 BC 2 cm Not measured
Cherrystone Flats CS 10-28-94 BC 4 cm Not measured
Cherrystone Flats CS 11-30-94 BC 2 cm 17.5 cm
Cherrystone Flats CS 01-27-95 BC 2 cm Not measured
Cherrystone Flats CS 04-06-95 BC 1 cm Not measured
Cherrystone Flats CS 05-22-95 KC 3 cm 29.5 cm
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Station Core Number Max. Be 
Depth
Max. l37Cs Depth
Cherrystone Flats CS 08-15-95 BC 3 cm Not measured
Cherrystone Flats CS 09-25-95 BC 2 cm Not measured
Cherrystone Flats CS 11-15-95 BC 2 cm Not measured
Cherrystone Flats CS 12-1-01-95 BC 5 cm Not measured
Cherrystone Flats CS 05-22-95 KC Not measured 29.5 cm
Wolftrap WT 01-12-94 BC Not measured @base o f  core (25 cm)
Wolftrap WT 08-25-94 BC Not measured 21.5 cm
Wolftrap WT 10-28-94 BC Not measured 21.5 cm
Wolftrap WT 05-22-95 KC Not measured 39.5 cm
YR Pod Site YR 01-05-95 KC-1 Not measured 61 cm
YR Abr Cr NF YR 01-05-95 KC-2 Not measured 11 cm
YR Lower York YR 01-23-95 KC-1 Not measured 28 cm
YR Lower York YR 01-23-95 KC-2 Not measured 31 cm
YR Lower York YR 01-25-95 BC-4 Not measured fa base o f  core (45 cm)
YR Lower York YR 01-25-95 KC-1 Not measured 130 cm
YR Lower York YR 01-25-95 KC-2 Not measured 26 cm
YR Site 2 YR 09-11-95 BC-4 Not measured 25 cm
YR Site 2 YR 09-1 1-95 KC-1 Not measured 130 cm
YR Pod Channel YR 09-11-95 KC-2 Not measured 56 cm
YR Pod Site YR 10-14-96 KC-1 Not measured 66 cm
YR Site 2 YR 10-14-96 KC-2 Not measured 15 cm
YR ABSS YR 10-28-96 BC-1 1 cm (a base o f  core (42cm)
YR ABOC YR 10-28-96 BC-2 1 cm (a base o f core (40 cm)
YR ABSF YR 10-28-96 BC-3 4 cm @base o f core (36 cm)
YR ABC YR 10-28-96 BC-4 3 cm (abase  o f core (42 cm)
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Station Core Number Max. 7Be 
Depth
Max. 13 Cs Depth
YR ABNF YR 10-28-96 BC-5 1 cm @base o f core (32 cm)
YR ABNS YR 10-28-96 BC-6 5 cm 25 cm
YR Cheat. Chan. YR 10-28-96 KC-1 Not measured 131 cm
YR Pod SS YR 10-29-96 BC-1 1 cm @base o f  core (48 cm)
YR Pod OC YR 10-29-96 BC-2 0 cm @base o f core
YR Pod SF YR 10-29-96 BC-3 0 cm @base o f  core (48 cm)
YR Pod C YR 10-29-96 BC-4 9 cm @base o f core (46 cm)
YR Porp. Cr. NS YR 11-12-96 BC-1 0 cm 19 cm
YR Porp. Cr. NF YR 11-12-96 BC-2 2 cm 21 cm
YR Porp. Cr. C YR 11-12-96 BC-3 2 cm (a base o f  core (40 cm)
YR Porp. Cr. SS YR 11-12-96 BC-4 3 cm (abase o f core (46 cm)
YR Porp. Cr. SF YR 11-12-96 BC-5 10 cm 50 cm
YR Porp. Cr. SF YR 11-12-96 KC-1 Not measured (abase o f core (96 cm)
YR Site 2 YR 07-31-97 KC-t Not measured 11 cm
YR Site 2 YR 07-31-97 KC-2 Not measured 31 cm
YR Site 2 YR 07-31-97 KC-3 Not measured 11 cm
YR Pod Site YR 07-31-97 KC-4 Not measured 56 cm
YR Pod Site YR 07-31-97 KC-5 Not measured 31 cm
YR Site 2 YR 08-06-97 KC-2 Not measured 6 cm
YR Pod Site YR 08-06-97 KC-4 Not measured 56 cm
YR Pod Site YR 08-06-97 KC-5 Not measured 41 cm
YR Site 2 YR 08-13-97 KC-1 Not measured 36 cm
YR Site 2 YR 08-13-97 KC-2 Not measured 11 cm
YR Site 2 YR 08-13-97 KC-3 Not measured 21 cm
YR Pod Site YR 08-13-97 KC-4 Not measured 46 cm
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Station Core Number Max. Be 
Depth
Max. l37Cs Depth
YR Pod Site YR 08-13-97 KC-5 Not measured 56 cm
YR Site 2 YR 08-20-97 KC-l Not measured 56 cm
YR Site 2 YR 08-20-97 KC-2 Not measured 41 cm
YR Pod Site YR 08-20-97 KC-3 Not measured 46 cm
YR Pod Site YR 08-20-97 KC-4 Not measured 56 cm
YR Pod Site YR 08-20-97 KC-5 Not measured 56 cm
YR Site 2 YR 11-10-97 KC-1 Not measured 21 cm
YR Site 2 YR 11-10-97 KC-2 Not measured 21 cm
YR Site 2 YR 11-10-97 KC-3 Not measured 16 cm
YR Pod Site YR 11-10-97 KC-4 Not measured 71 cm
YR Pod Site YR 11-10-97 KC-5 Not measured 96 cm
YR Pod Site YR 11-10-97 KC-6 Not measured 76 cm
YR Lower River NF YR 5-11-98 KC-1 Not measured 5 cm
YR Lower River NF YR 5-11-98 KC-2 Not measured 41 cm
YR ABSF YR 5-11-98 KC-3 Not measured 65 cm
YR ABC YR 5-11-98 KC-4 Not measured 110 cm
YR Pod SF YR 5-11-98 KC-5 Not measured 20 cm
YR Porp SF YR 5-11-98 KC-6 Not measured 71 cm
YR 2nd Channel YR 6-02-98 KC-1 Not measured 96 cm
YR 2nd Channel YR 06-02-98 KC-2 Not measured 91 cm
YR 2nd Channel YR 06-02-98 KC-3 Not measured 91 cm
YR 2nd Channel YR 06-02-98 KC-4 Not measured (a base o f  core (86 cm)
YR 2nd Channel YR 06-02-98 KC-5 5 cm 81 cm
YR 2nd Channel YR 06-02-98 KC-6 1 cm 91 cm
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APPENDIX C 
WATER CONTENT DATA
Samples for water content measurements were processed as described in the Methods 
section o f Chapter 2. Water content and porosity values were calculated using the 
equations below, note that for porosity calculations, the density o f quartz (2.65 cm3 g '1) 
was used.
= wet weight o f  sample 
Wtdr>. = dry weight o f  sample 
Wtjjsh = weight o f  sample dish 
Wc = water content 
Sal = Salinity o f  pore waters 
p = porosity
Wc = ( -  Wtdry)/(Wtw- WtJlsh) ( l-A)
p = Wc/(Wc + [{(Wc + (1 - Wc) -[(Wc)(Sal)/1000]J-/2.65]) (2-A)
194
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
STATION DEPTH WATER POROSITY
(CM) CONTENT
YR 0-2 0.50 0.73
KC-2 5-7 0.50 0.73





























YR 0-1 0.69 0.86
01-25-95 1-2 0.69 0.86
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YR 0-1 ' 0.68 0.86
01-25-95 1-2 0.67 0.85















YR 0-1 0.73 0.88
01-25-95 1-2 0.70 0.87
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YR 0-2 0.60 0.80
01-23-95 5-7 0.56 0.77
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YR 0-2 0.67 0.85
01-23-95 5-7 0.59 0.80
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YR 0-1 0.62 0.82
01-25-95 1-2 0.63 0.82
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STATION’ DEPTH WATER 1 POROSITY 1





























YR 0-1 0.72 0.88
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YR 0-1 0.70 0.86
10-28-96 1-2 0.69 0.86












14-15 | 0.63 0.82
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YR 0-1 0.74 0.89
10-28-96 1-2 0.71 0.87


















Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.






YR 10-29-96 0-1 0.67 0.84



























YR 10-29-96 0-1 0.66 0.84
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YR 10-29-96 0-1 0.67 0.85





6-7 | 0.65 0.84
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.






























YR 10-29-96 0-1 0.64 0.83
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YR 10-29-96 0-1 0.73 0.88
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YR 10-29-96 0-1 0.72 0.S7
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YR 10-29-96 0-1 0.79 0.91




























YR 10-30-96 0-2 0.64 0.83
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STATION DEPTH WATER POROSITY
(CM) CONTENT
YR 0-2 0.65 0.83
102896 5-7 0.62 0.82
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STATION DEPTH WATER POROSITY
(CM) CONTENT
YR 0-1 0.60 0.80
9-11-95 1-2 0.57 0.78



















YR 010595 0-4 0.63 0.82
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YR 91195 0-4 0.69 0.86
















YR101496 0-2 0.61 0.81
KC1 5-7 0.61 0.81









Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

























YR101496 0-2 0.60 0.80
KC-2 5-7 0.49 0.72
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Y R 11-12-96 0-1 0.77 0.90



















1 25-26 0.66 0.S4
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YR 0-1 0.76 0.90
11-12-96 1-2 0.70 0.86
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YR 0-2 0.74 0.88
111296 5-7 0.73 0.88
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STATION DEPTH W ATER POROSITY
(CM) CONTENT
YR 0-1 0.62 0.82
11-12-96 1-2 0.54 0.76




















YR 0-1 0.72 0.88
11-12-96 1-2 0.73 0.88
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YR 0-1 0.63 0.82
11-12-96 1-2 0.59 0.79
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YR 0-2 0.51 0.74
73197 5-7 0.47 0.71
KC-1 10-12 0.44 0.68
















YR 0-2 0.59 0.79
73197 5-7 0.57 0.78
KC-2 10-12 0.55 0.77
15-17 0.54 0.76
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YR 0-2 0.54 0.76
73197 5-7 0.44 0.68
K.C-3 10-12 0.43 0.67
15-17 0.43 0.67













YR 0-2 0.59 0.79
73197 5-7 0.59 0.80
KC-4 10-12 0.62 0.81
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YR 0-2 0.61 0.S1
73197 5-7 0.60 O.SO
K.C-5 10-12 0.61 0.81
15-17 0.57 0.78
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YR 0-2 0.64 0.S3
8-6-97 5-7 0.52 0.74
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STATION DEPTH WATER POROSITY
(CM) CONTENT
YR 0-2 0.47 0.70
8-6-97 5-7 0.36 0.60








YR 0-2 0.56 0.78
8-6-97 5-7 0.47 0.70









YR 0-2 0.62 0.81
8-6-97 5-7 0.63 0.82
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YR 0-2 0.62 0.81
8-6-97 5-7 0.60 0.80
















YR 0-2 0.62 0.81
81397 5-7 0.56 0.77
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1 STATION DEPTH WATER POROSITYI (CM) CONTENT
75-77 0.40 0.64
YR 0-2 0.60 0.80
81397 5-7 0.61 0.81
















YR 0-2 0.65 0.84
81397 5-7 0.62 0.81
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STATION DEPTH WATER POROSITY
(CM) CONTENT
YR 0-2 0.63 0.82
81397 5-7 0.62 0.81
















YR 0-2 0.61 0.81
81397 5-7 0.62 0.82
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STATION DEPTH WATER POROSITY
(CM) CONTENT
YR 0-2 0.59 0.80
82097 5-7 0.57 0.78
















YR 0-2 0.66 0.84
82097 5-7 0.60 O.SO
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STATION DEPTH WATER POROSITY
(CM) CONTENT
YR 0-2 0.57 0.78
82097 5-7 0.63 0.82
















YR 0-2 0.70 0.87
82097 5-7 0.68 0.85
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STATION DEPTH WATER POROSITY
(CM) CONTENT
YR 0-2 0.60 0.80
82097 5-7 0.56 0.78
















YR 0-2 0.59 0.79
11-10-97 5-7 0.57 0.78










YR 0-2 0.59 0.80
11-10-97 5-7 0.55 0.76
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YR 0-2 0.53 0.75
11-10-97 5-7 0.57 0.78










YR 0-2 0.67 0.84
11-10-97 5-7 0.60 0.80















. ............. 1 .
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STATION DEPTH WATER POROSITY
(CM) CONTENT
YR 0-2 0.56 0.77
11-10-97 5-7 0.58 0.79
























YR 0-2 0.70 0.87
11-10-97 5-7 0.64 0.83








50-52 0.60 | 0.80
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YR 0-2 0.69 0.86
5-11-98 2-4 0.67 0.85
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YR 0-2 0.48 0.71
KC-1 5-7 0.44 0.68







YR 0-2 0.73 0.88
KC-3 5-7 0.66 0.84
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M l 0-2 0.71 0.87
K.C-4 5-7 0.70 0.87
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YR 0-2 0.68 0.85
KC-5 5-7 0.64 0.83
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YR 0-2 0.74 0.89
K.C-6 5-7 0.73 0.88























YR 0-1 0.34 0.57
KC-1 1-2 0.34 0.57
5-21-98 2-3 0.32 0.56
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YR 0-2 0.5S 0.79
KC-1 5-7 0.59 0.80
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STATION DEPTH WATER POROSITY
(CM) CONTENT
YR 0-2 0.69 0.86
KC-2 5-7 0.63 0.82



















YR 0-2 0.67 0.84
KC-3 5-7 0.63 0.82
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YR 0-2 0.64 0.83
KC-4 5-7 0.60 0.80
















YR 0-2 0.70 0.87
KC-5 5-7 0.66 0.84
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YR 0-2 0.67 0.85
KC-6 5-7 0.62 0.82
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APPENDIX D 
Alpha Activities
Samples were prepared for Alpha counting following the procedures outlined in the 
methods section o f Chapter 2. The following equations were used to calculate the " 'Pb 
uncorrected and corrected activities. Supported activities were determined by the mean 
activity o f 2l0Pb in the core below where excess activity exists.
- P ° g a  = Gross Area o f  209Po 
2i°Po,jA = Gross .Area o f 210Po 
S.Al = Sample weight 
As = Spike activity 
Vs = Spike volume As V.
209Pocor = 209Po correction 
210Pocor = 210Po correction 
2l0Pbc„r = 2l0Pb correction 
Ayncor = Uncorrected Activity 
Acxcess = Excess Activity 
Asup -  Supported Activity 
Tcoum = date sample was counted 
T.p|.Ki = date spike was calibrated 
Er = Error o f Activity
241
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Auncur = [(: '°PoG, / :09PoGA)/S.Al )][(As)(Vs)(:09Pocor)(;i0Pocor)] ( 1-D)
:09Pocor = exp[(ln 2)/105)(Tcoum - Tspik,)/365.25)] (2-D)
:,0Pocor = exp[(ln 2)/(13S.4/365.25)(Tcoun, - Tspike)/365.25)] (3-D)
2,0Pbcor = exp[(ln 2)/(22.3)(Tcoum - Tipike)/365.25)] (4-D)
A „cess = (Auncor - A>up)/2l0Pbcor (5-D)
Er = 0.02 -  [(: ’ P°GA 1VlPor,\H(: 1 °Po,-A) '/(2WPoUAr ] !: -
[{(209PoOA)’V((2,0Poga)2} !(AS)(VJ( *"Pocor)( :i0PoGA)|]  -  
[('0.55(IU9Pocor)(J10PoGA)(S.*t)/(:u9PoGA)] +
[0.01 !(A J(V J(:09Poco0(:10Poga)/;09Poga[. !(SttI):(:i0Po„r)(:,0Pb,nr)[]
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STATION DEPTH UNCORRECTED EXCESS
INTERVAL Pb-210 Pb-210 ERROR
ACTIVITY CORRECTED
ACTIVITY
YR 0-2 3.23 2.39 0.15
10595 5-7 2.93 2.09 0.14
KC1 10-12 3.09 2.25 0.15
15-17 3.13 2.29 0.16
20-22 2.99 2.15 0.14
25-27 2.31 1.45 0.12
30-32 2.25 1.39 0.11
35-37 2.02 1.15 0.10
40-42 2.24 1.38 0.12
45-47 1.87 1.00 0.10
50-52 1.97 1.10 0.10
55-57 1.19 0.30 0.08
60-62 1.43 0.55 0.08
70-72 1.02 0.12 0.07
YR 0-2 1.94 1.18 0.09
10595 5-7 1.11 0.31 0.06
KC2 10-12 0.86 0.06 0.06
15-17 0.90 0.11 0.06
20-22 0.93 0.13 0.07
25-27 0.98 0.19 0.06
30-32 1.00 0.21 0.07
35-37 0.96 0.17 0.06
YR o t CO 4.29 3.63 0.20
91195 3-6 3.72 3.06 0.16
KC1 6-9 4.24 3.58 0.21
Site 2 9-12 3.48 2.82 0.15
12-15 3.78 3.12 0.23
15-18 3.40 2.74 0.21
18-21 4.12 3.46 0.18
24-27 4.10 3.44 0.18
27-30 4.64 3.99 0.19
30-33 4.37 3.72 0.28
33-36 3.85 3.19 0.16
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STATION DEPTH UNCORRECTED EXCESS
INTERVAL Pb-210 Pb-210 ERROR
ACTIVITY CORRECTED
ACTIVITY
36-39 2.85 2.18 0.14
39-42 4.38 3.73 0.19
42-48 3.75 3.09 0.20
48-54 4.29 3.63 0.17
54-60 4.13 3.48 0.21
60-66 4.12 3.45 0.16
66-72 3.83 3.16 0.17
72-78 4.04 3.38 0.16
78-84 3.33 2.66 0.14
84-90 3.58 2.91 0.14
90-96 3.22 2.55 0.15
96-102 2.93 2.25 0.13
102-108 3.03 2.35 0.13
108-114 2.73 2.06 0.14
114-120 2.79 2.11 0.24
120-126 2.05 1.37 0.10
126-132 1.22 0.54 0.07
132-138 0.83 0.14 0.06
138-144 0.80 0.11 0.06
144-150 0.74 0.06 0.04
150-156 0.81 0.12 0.06
156-162 0.74 0.05 0.05
162-168 0.73 0.04 0.07
YR 0-4 2.82 2.15 0.13
91195 5-7 3.42 2.76 0.18
KC-2 10-12 3.51 2.85 0.20
15-17 3.31 2.64 0.17
20-22 3.31 2.64 0.14
25-27 3.58 2.92 0.20
30-32 3.40 2.74 0.18
35-37 2.31 1.64 0.15
40-42 1.85 1.17 0.12
45-47 1.66 0.98 0.09
50-52 1.07 0.39 0.07
60-62 0.75 0.06 0.06
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STATION DEPTH UNCORRECTED EXCESS
INTERVAL Pb-210 Pb-210 ERROR
ACTIVITY CORRECTED
ACTIVITY
Site 2 0-2 2.83 1.92 0.15
YR 5-7 3.10 2.21 0.21
101496 10-12 3.42 2.53 0.16
K.C-1 20-22 2.72 1.81 0.15
25-27 2.89 1.98 0.13
30-32 2.04 1.12 0.14
35-37 2.15 1.23 0.11
40-42 2.19 1.27 0.19
45-47 1.77 0.84 0.09
50-52 1.56 0.63 0.09
55-57 1.18 0.23 0.09
60-62 1.21 0.26 0.07
65-67 1.02 0.08 0.07
70-72 1.02 0.07 0.07
YR 0-2 2.69 1.84 0.18
101496 5-7 3.22 2.38 0.14
KC-2 10-12 1.23 0.34 0.11
15-17 0.93 0.03 0.06
YR 0-2 3.43 2.07 0.16
102896 5-7 3.98 2.64 0.20
KC 15-17 3.81 2.47 0.17
20-22 3.75 2.41 0.17
25-27 3.69 2.34 0.17
30-32 3.73 2.38 0.17
35-37 3.63 2.28 0.17
40-42 3.68 2.33 0.15
45-47 3.17 1.81 0.19
50-52 2.79 1.42 0.15
55-57 2.56 1.19 0.15
60-62 2.28 0.90 0.14
70-72 2.50 1.13 0.12
75-77 2.64 1.27 0.12
80-82 2.55 1.17 0.13
85-87 2.81 1.44 0.15
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STATION DEPTH UNCORRECTED EXCESS
INTERVAL Pb-210 Pb-210 ERROR
ACTIVITY CORRECTED
ACTIVITY
90-92 2.40 1.03 0.14
95-97 2.20 0.81 0.11
110-112 1.46 0.06 0.09
YR 0-2 3.96 3.09 0.17
103096 5-7 3.69 2.82 0.18
KC-2 10-12 3.57 2.69 0.16
15-17 3.62 2.74 0.17
20-22 3.73 2.80 0.17
30-32 2.96 2.00 0.18
35-37 3.80 2.87 0.21
40-42 3.22 2.27 0.14
45-47 3.46 2.52 0.16
50-52 3.40 2.46 0.15
55-57 1.82 0.84 0.13
60-62 3.43 2.49 0.19
65-67 2.98 2.03 0.16
70-72 3.14 2.19 0.17
75-77 3.92 2.99 0.19
80-82 3.19 2.24 0.14
85-87 2.95 2.00 0.15
90-92 2.81 1.85 0.13
100-102 2.52 1.56 0.11
110-112 2.37 1.40 0.10
120-122 2.15 1.18 0.12
130-132 2.66 1.69 0.13
140-142 2.20 1.22 0.12
150-152 1.72 0.73 0.09
160-162 1.58 0.59 0.09
170-172 2.00 1.02 0.11
180-182 1.69 0.70 0.10
190-192 1.43 0.44 0.09
200-202 1.18 0.19 0.08
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STATION DEPTH UNCORRECTED EXCESS
INTERVAL Pb-210 Pb-210 ERROR
ACTIVITY CORRECTED
ACTIVITY
YR 0-2 5.38 4.22 0.21
11-12-96 5-7 4.95 3.77 0.19
K.C-1 10-12 3.56 2.33 0.18
15-17 4.42 3.23 0.19
20-22 4.40 3.21 0.29
25-27 3.78 2.57 0.17
30-32 4.27 3.07 0.19
35-37 4.12 2.91 0.19
40-42 4.20 3.00 0.18
45-47 3.54 2.32 0.16
50-52 2.04 0.76 0.11
55-57 1.97 0.69 0.11
60-62 1.80 0.52 0.09
65-67 1.49 0.20 0.08
70-72 1.43 0.13 0.08
75-77 1.49 0.20 0.08
YR 0-1 4.10 3.38 0.19
12595 2-3 4.24 3.54 0.19
BC-5 3-4 4.30 3.61 0.28
6-7 4.20 3.50 0.19
8-9 4.18 3.47 0.18
9-10 4.09 3.37 0.18
11-12 3.69 2.94 0.17
13-14 3.60 2.84 0.17
17-18 3.92 3.19 0.17
21-22 4.13 3.42 0.18
YR 0-1 5.05 4.51 0.22
10-29-96 4-5 4.64 4.13 0.18
YRABC 9-10 4.67 4.16 0.18
14-15 4.68 4.13 0.19
19-20 3.50 2.93 0.16
25-26 4.07 3.49 0.17
29-30 4.27 3.74 0.18
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37-38 3.39 2.82 0.15
41-42 3.29 2.69 0.14
YR 1-2 3.94 3.36 0.18
10-29-96 5-6 3.91 3.37 0.18
YRABOC 9-10 3.83 3.28 0.20
15-16 3.66 3.07 0.17
19-20 3.70 3.15 0.17
25-26 3.64 3.05 0.17
27-28 3.06 2.48 0.14
35-36 3.26 2.69 0.15
39-40 3.54 2.95 0.18
YR 1-2 3.82 2.93 0.18
10-29-96 5-6 3.76 2.87 0.18
YRPODSF 10-11 3.71 2.81 0.17
15-16 3.50 2.59 0.17
21-22 3.71 2.81 0.18
25-26 3.89 3.00 0.18
31-32 4.03 3.15 0.20
35-36 2.94 2.02 0.15
37-3S 2.87 1.95 0.14
41-42 2.93 2.02 0.14
43-44 2.61 1.68 0.12
45-46 2.40 1.45 0.13
47-48 2.57 1.63 0.13
YR 0-1 3.57 2.66 0.17
10-29-96 5-6 4.18 3.30 0.18
YRPODSS 10-11 4.96 4.11 0.21
15-16 4.07 3.19 0.19
19-20 3.84 2.95 0.18
25-26 3.18 2.26 0.17
29-30 4.26 3.38 0.21
35-36 4.01 3.13 0.17
47-4S 3.77 2.87 0.17
YR 0-1 4.99 4.46 0.22
10-29-96 5-6 4.61 4.07 0.19
Pod C 10-11 4.41 3.86 0.21
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STATION DEPTH UNCORRECTED EXCESS
INTERVAL Pb-210 Pb-210 ERROR
ACTIVITY CORRECTED
ACTIVITY
15-16 4.54 4.00 0.19
19-20 4.82 4.29 0.20
25-26 4.62 4.08 0.20
31-32 4.25 3.70 0.19
35-36 4.16 3.60 0.18
45-46 4.22 3.66 0.18
YR 0-1 4.00 3.11 0.18
10-29-96 4-5 3.79 2.89 0.18
ABSF 7-8 3.54 2.64 0.17
13-14 3.47 2.57 0.17
17-18 3.42 2.51 0.17
21-22 3.19 2.28 0.16
25-26 3.23 2.32 0.16
29-30 3.49 2.59 0.18
31-32 2.74 1.S2 0.13
35-36 1.77 0.80 0.11
YR 0-1 4.80 4.29 0.20
10-29-96 2-3 4.11 3.60 0.18
ABNS 4-5 3.74 3.19 0.17
6-7 3.16 2.58 0.15
8-9 2.34 1.73 0.13
10-11 1.49 0.86 0.10
12-13 2.23 1.62 0.13
13-14 1.64 1.01 0.11
14-15 1.27 0.63 0.09
15-16 1.17 0.52 0.08
16-17 1.24 0.60 0.08
17-18 1.37 0.74 0.09
18-19 1.41 0.77 0.11
19-20 1.49 0.86 0.10
21-22 0.94 0.29 0.07
23-24 0.90 0.24 0.09
25-26 0.74 0.08 0.07
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STATION DEPTH UNCORRECTED EXCESS
INTERVAL Pb-210 Pb-210 ERROR
ACTIVITY CORRECTED
ACTIVITY
10-29-96 1-2 4.25 3.70 0.29
ABSS 4-5 4.19 3.63 0.18
10-11 3.67 3.09 0.18
14-15 3.89 3.32 0.18
18-19 3.91 3.34 0.24
25-26 3.53 2.95 0.17
31-32 3.26 2.67 0.16
35-36 3.33 2.74 0.16
41-42 3.54 2.96 0.17
YR 0-1 4.05 3.49 0.18
10-29-96 4-5 4.63 4.09 0.20
ABNF 8-9 4.44 3.90 0.21
12-13 4.06 3.50 0.1S
16-17 4.53 3.98 0.20
18-19 4.46 3.92 0.19
21-22 3.55 2.97 0.16
25-26 4.04 3.48 0.26
31-32 4.15 3.60 0.21
YR 0-1 3.01 2.41 0.11
11-12-96 4-5 2.47 1.85 0.10
NS 8-9 2.03 1.40 0.09
11-12 1.50 0.84 0.07
15-16 1.29 0.63 0.07
17-18 1.04 0.36 0.06
21-22 1.03 0.36 0.07
25-26 0.75 0.07 0.06
YR 0-1 2.95 1.99 0.27
11-12-96 4-5 2.26 1.27 0.11
NF 8-9 2.20 1.21 0.11
12-13 1.71 0.70 0.11
16-17 1.23 0.21 0.08
19-20 1.04 0.01 0.07
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STATION DEPTH UNCORRECTED EXCESS
INTERVAL Pb-210 Pb-210 ERROR
ACTIVITY CORRECTED
ACTIVITY
YR 0-1 3.97 3.08 0.17
11-12-96 4-5 2.66 1.72 0.13
SS 9-10 2.28 1.33 0.11
14-15 2.20 1.25 0.15
19-20 2.43 1.49 0.15
25-26 2.23 1.27 0.12
31-32 2.10 1.15 0.11
35-36 1.74 0.77 0.11
41-42 2.07 1.11 0.11
45-46 2.09 1.13 0.11
YR 0-1 4.96 3.97 0.22
11-12-96 4-5 4.92 3.92 0.22
SF 9-10 5.18 4.20 0.23
12-13 4.51 3.51 0.20
16-17 4.60 3.60 0.26
19-20 3.81 2.78 0.17
23-24 3.04 1.97 0.24
25-26 2.41 1.31 0.12
29-30 1.74 0.62 0.11
31.32 1.55 0.41 0.11
33-34 1.21 0.07 0.08
37-38 1.16 0.01 0.08
YR 0-1 5.16 4.66 0.23
11-12-96 4-5 5.04 4.53 0.25
C 9-10 5.39 4.90 0.23
14-15 5.62 5.14 0.24
19-20 5.14 4.64 0.22
25-26 5.10 4.59 0.24
29-30 5.21 4.71 0.25
35-36 5.14 4.64 0.30
39-40 5.39 4.90 0.29
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STATION DEPTH UNCORRECTED EXCESS
INTERVAL Pb-210 Pb-210 ERROR
ACTIVITY CORRECTED
ACTIVITY
YR 0-2 2.84 1.98 0.13
08-06-97 5-7 2.85 1.99 0.15
KC-4 10-12 2.87 2.01 0.13
Podsite 15-17 2.54 1.67 0.13
25-27 2.33 1.46 0.12
30-32 1.86 0.98 0.10
35-37 2.07 1.19 0.10
40-42 1.91 1.03 0.11
45-47 1.94 1.06 0.10
50-52 1.11 0.22 0.07
55-57 1.55 0.66 0.09
60-62 0.99 0.09 0.07
65-67 0.95 0.05 0.07
YR 0-2 2.90 2.03 0.18
08-20-97 5-7 2.92 2.05 0.14
K.C-1 10-12 2.98 2.11 0.14
Site 2 15-17 2.39 1.51 0.16
20-22 2.03 1.15 0.11
25-27 2.27 1.39 0.11
30-32 1.64 0.75 0.14
35-37 1.35 0.45 0.08
40-42 0.95 0.05 0.06
45-47 0.98 0.08 0.09
YR 0-2 3.14 2.27 0.17
11-10-97 5-7 2.76 1.88 0.15
KC-1 10-12 1.54 0.65 0.10
15-17 0.97 0.07 0.07
20-22 0.93 0.03 0.07
YR 0-2 1.23 0.39 0.08
11-10-97 5-7 2.09 1.25 0.18
K.C-5 10-12 2.11 1.27 0.11
15-17 3.08 2.26 0.16
252
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
STATION DEPTH UNCORRECTED EXCESS
INTERVAL Pb-210 Pb-210 ERROR
ACTIVITY CORRECTED
ACTIVITY
20-22 2.69 1.86 0.22
25-27 3.05 2.23 0.19
30-32 3.34 2.51 0.18
35-37 3.23 2.41 0.16
40-42 3.26 2.43 0.19
45-47 2.86 2.03 0.19
50-52 1.94 1.10 0.12
55-57 2.50 1.67 0.13
60-62 2.58 1.75 0.13
65-67 2.07 1.23 0.11
70-72 2.06 1.22 0.12
75-77 1.70 0.86 0.10
80-82 1.47 0.62 0.09
85-87 1.27 0.43 0.09
90-92 0.87 0.02 0.07
YR 0-2 3.03 2.45 0.24
10-30-96 5-7 2.66 VO
ori 0.14
FCC-l 10-12 1.76 1.12 0.10
15-17 0.95 0.27 0.07
20-22 0.72 0.03 0.06
25-27 0.73 0.04 0.06
YR 0-2 4.30 3.89 0.18
01-25-95 10-12 4.86 4.50 0.20
K.C-1 20-22 3.84 3.38 0.16
30-32 4.20 3.78 0.18
40-42 4.05 3.60 0.17
50-52 4.25 3.83 0.17
L 60-62 2.21 1.58 0.11
70-72 2.02 1.37 0.11
80-82 2.07 1.42 0.12
90-92 1.87 1.20 0.11
100-102 1.99 1.33 0.12
110-112 2.45 1.85 0.12
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STATION DEPTH UNCORRECTED EXCESS 1
INTERVAL Pb-210 Pb-210 ERROR
ACTIVITY CORRECTED
ACTIVITY
120-122 2.14 1.50 0.11
130-132 0.81 0.03 0.06
YR 0-2 2.97 2.49 0.15
01-23-95 5-7 2.43 1.90 0.12
KC-2 10-12 1.67 1.06 0.10
15-17 1.62 1.00 0.09
20-22 1.23 0.57 0.08
25-27 0.99 0.31 0.08
30-32 0.81 0.11 0.07
35-37 0.80 0.10 0.06
40-42 0.72 0.01 0.06
YR 0-2 1.62 0.90 0.09
01-25-95 5-7 1.99 1.32 0.11
KC-2 10-12 1.49 0.76 0.09
15-17 1.11 0.34 0.08
20-22 0.88 0.08 0.07
25-27 0.S6 0.07 0.07
YR 0-1 4.87 3.89 0.21
012595 4-5 4.77 3.79 0.22
BC1 9-10 4.24 3.26 0.19
15-16 4.15 3.17 0.18
21-22 3.91 2.93 0.18
25-26 3.76 2.78 0.17
31-32 4.46 3.48 0.21
37-38 3.84 2.85 0.19
47-48 4.15 3.16 0.20
YR 0-1 4.23 3.25 0.21
01-25-95 5-6 3.52 2.54 0.19
BC4 9-10 3.71 2.73 0.18
15-16 3.12 2.14 0.16
19-20 2.88 1.89 0.15
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25-26 2.53 1.54 0.13
29-30 2.48 1.49 0.14
YR 0-2 4.44 3.55 0.22
05-11-98 4-6 4.14 3.26 0.22
KC-2 10-12 3.95 3.05 0.19
14-16 3.73 2.84 0.17
20-22 3.76 2.87 0.19
24-26 3.42 2.53 0.16
30-32 2.73 1.84 0.14
40-42 2.44 1.54 0.15
50-52 1.90 1.00 0.12
60-62 1.42 0.52 0.10
65-67 1.26 0.36 0.08
70-72 0.98 0.08 0.08
YR 0-2 4.35 2.96 0.22
05-11-98 5-7 4.10 2.71 0.19
KC-3 10-12 4.95 3.56 0.24
15-17 3.99 2.60 0.18
20-22 3.45 2.06 0.17
25-27 3.13 1.74 0.16
30-32 3.10 1.70 0.16
35-37 2.10 0.70 0.14
40-42 2.03 0.63 0.11
45-47 2.18 0.78 0.12
50-52 2.57 1.17 0.13
55-57 1.63 0.24 0.11
65-67 1.45 0.05 0.10
70-72 1.60 0.20 0.10
75-77 1.41 0.01 0.10
YR 0-2 3.94 2.70 0.19
05-11-98 5-7 4.51 3.27 0.21
KC-4 10-12 4.39 3.16 0.21
15-17 4.45 3.20 0.21
20-22 4.11 2.87 0.19
25-27 4.53 3.28 0.21
30-32 4.12 2.89 0.26
35-37 4.42 3.17 0.20
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STATION DEPTH UNCORRECTED EXCESS
INTERVAL Pb-210 Pb-210 ERROR
ACTIVITY CORRECTED
ACTIVITY
40-42 4.25 3.02 0.20
45-47 4.42 3.18 0.23
50-52 4.27 3.03 0.19
55-57 4.28 3.04 0.20
60-62 4.54 3.30 0.21
65-67 4.84 3.60 0.26
70-72 4.48 3.25 0.20
75-77 4.63 3.39 0.22
80-82 4.53 3.29 0.20
85-87 3.42 2.17 0.17
90-92 3.33 2.09 0.16
95-97 3.43 2.18 0.18
100-102 2.84 1.59 0.18
110-112 1.43 0.18 0.13
120-122 1.50 0.25 0.11
130-132 1.43 0.18 0.10
140-142 1.30 0.05 0.09
YR 0-2 3.68 2.79 0.17
05-11-98 10-12 2.32 1.42 0.14
KC-5 20-22 1.52 0.62 0.12
30-32 1.10 0.20 0.08
40-42 0.91 0.01 0.07
YR 0-2 4.69 4.00 0.22
05-11-98 5-7 4.78 4.09 0.29
KC-6 10-12 4.80 4.11 0.23
15-17 4.18 3.49 0.19
20-22 4.09 3.39 0.19
25-27 4.14 3.44 0.19
30-32 3.92 3.22 0.18
35-37 3.78 3.08 0.18
40-42 3.79 3.09 0.18
45-47 2.81 2.11 0.15
50-52 3.21 2.51 0.15
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[STATION DEPTH UNCORRECTED EXCESS
INTERVAL Pb-210 Pb-210 ERROR
ACTIVITY CORRECTED
| ACTIVITY
55-57 3.22 2.52 0.16
60-62 2.60 1.90 0.13
65-67 0.74 0.04 0.07
YR 0-2 3.77 2.78 0.17
06-2-9S 5-7 3.60 2.61 0.18
K.C-1 10-12 3.56 2.57 0.17
15-17 3.35 2.36 0.16
25-27 3.62 2.63 0.17
30-32 3.34 2.34 0.17
35-37 3.56 2.57 0.19
40-42 2.78 1.78 0.15
45-47 3.01 2.01 0.18
55-57 3.02 2.03 0.15
60-62 2.45 1.46 0.13
65-67 2.32 1.32 0.14
70-72 2.02 1.03 0.12
75-77 1.82 0.83 0.10
SO-82 1.79 0.79 0.11
85-87 1.71 0.71 0.11
90-92 1.43 0.43 0.11
95-97 1.30 0.31 0.10
100-102 1.04 0.04 0.11
105-107 1.04 0.04 0.09
YR 0-2 4.11 3.12 0.19
06-02-98 5-7 3.66 2.67 0.17
KC-2 10-12 3.59 2.60 0.17
15-17 3.32 2.33 0.16
20-22 2.86 1.87 0.18
25-27 3.16 2.17 0.17
30-32 2.96 1.97 0.15
35-37 3.39 2.40 0.16
40-42 2.91 1.92 0.15
45-47 2.96 1.97 0.15
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STATION DEPTH UNCORRECTED EXCESS 1
INTERVAL Pb-210 Pb-210 ERROR
ACTIVITY CORRECTED
ACTIVITY
50-52 2.93 1.94 0.15
55-57 2.87 1.88 0.14
60-62 2.31 1.31 0.12
65-67 2.19 1.20 0.12
70-72 2.06 1.06 0.16
75-77 1.76 0.76 0.11
80-82 1.47 0.47 0.09
85-87 1.32 0.32 0.09
90-92 1.06 0.06 0.11
95-97 1.05 0.05 0.07
YR 0-2 4.26 3.27 0.20
06-02-98 5-7 3.81 2.82 0.17
K.C-3 10-12 3.61 2.62 0.16
15-17 3.52 2.53 0.16
20-22 3.97 2.98 0.19
25-27 3.37 2.39 0.16
30-32 3.52 2.53 0.16
35-37 2.94 1.95 0.14
40-42 3.52 2.53 0.16
45-47 3.17 2.18 0.16
50-52 2.97 1.98 0.15
55-57 2.93 1.94 0.15
60-62 2.34 1.35 0.13
65-67 2.11 1.11 0.13
70-72 2.18 1.18 0.12
75-77 1.86
oqo 0.11
80-82 1.78 0.78 0.10
85-87 1.38 0.3S 0.09
90-92 1.22 0.22 0.08
95-97 1.06 0.06 0.08
YR 0-2 4.06 3.07 0.18
06-02-98 10-12 3.56 2.57 0.17
KC-4 20-22 3.26 2.27 0.16
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STATION DEPTH UNCORRECTED EXCESS
INTERVAL Pb-210 Pb-210 ERROR
ACTIVITY CORRECTED
ACTIVITY
25-27 3.40 2.41 0.16
30-32 2.91 1.92 0.14
35-37 3.35 2.36 0.16
40-42 2.95 1.95 0.14
45-47 2.93 1.94 0.19
50-52 2.53 1.53 0.13
55-57 2.82 1.82 0.14
60-62 2.55 1.55 0.13
65-67 2.87 1.88 0.17
70-72 2.13 1.14 0.12
75-77 2.16 1.16 0.12
80-82 1.69 0.69 0.08
85-87 1.71 0.71 0.11
YR 0-2 3.24 2.26 0.23
06-02-98 5-7 4.36 3.39 0.20
KC-5 10-12 3.41 2.44 0.17
15-17 3.30 2.33 0.15
20-22 3.22 2.25 0.15
25-27 3.01 2.04 0.21
30-32 2.94 1.97 0.17
35-37 3.14 2.17 0.16
40-42 2.53 1.56 0.13
45-47 2.89 1.91 0.17
50-52 2.60 1.62 0.13
55-57 2.34 1.37 0.12
60-62 2.05 1.08 0.11
65-67 2.08 1.11 0.12
70-72 1.67 0.70 0.10
75-77 1.30 0.32 0.09
80-82 0.98 0.00 0.07
YR 0-2 4.30 3.01 0.19
06-02-98 5-7 4.20 2.91 0.19
KC-6 10-12 3.61 | 2.32 0.16
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STATION DEPTH UNCORRECTED EXCESS
INTERVAL Pb-210 Pb-210 ERROR
ACTIVITY CORRECTED
ACTIVITY
15-17 3.74 2.45 0.17
20-22 3.28 1.99 0.17
25-27 4.08 2.79 0.18
30-32 3.19 1.89 0.16
35-37 3.31 2.02 0.12
40-42 3.53 2.24 0.16
45-47 3.27 1.98 0.16
50-52 2.71 1.41 0.18
55-57 3.19 1.90 0.16
60-62 2.78 1.49 0.14
65-67 2.70 1.41 0.14
70-72 2.73 1.44 0.13
75-77 2.34 1.05 0.12
80-82 1.98 0.68 0.11
85-87 1.59 0.29 0.10
90-92 1.34 0.04 0.10
YR 0-1 2.34 31.72 0.03
09-11-95 2-3 2.44 33.67 0.03
BC-4 4-5 2.49 34.76 0.03
6-7 2.55 36.02 0.03
8-9 2.19 28.33 0.02
11-12 1.32 9.73 0.02
13-14 1.38 11.08 0.02
15-16 1.37 10.93 0.03
17-18 1.47 12.98 0.02
19-20 1.27 8.79 0.02
21-22 1.09 4.93 0.02
23-24 0.95 1.91 0.02
25-26 0.86 0.07 0.02
ONR 0-1 1.88 1.31 0.11
05-22-95 1-2 1.77 1.20 0.12
BC-1 3-4 1.49 0.91 0.10
4-5 1.44 0.86 0.11
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STATION DEPTH UNCORRECTED EXCESS
INTERVAL Pb-210 Pb-210 ERROR
ACTIVITY CORRECTED
ACTIVITY
5-6 1.63 1.05 0.10
6-7 1.78 1.21 0.08
7-8 1.85 1.27 0.13
8-9 1.69 1.11 0.08
9-10 1.52 0.94 0.08
11-12 1.41 0.82 0.09
13-14 1.29 0.71 0.08
15-16 1.24 0.65 0.07
17-18 1.13 0.54 0.07
21-22 0.66 0.06 0.05
23-24 0.67 0.07 0.05
ONR 0-1 1.64 1.14 0.10
02-01-94 1-2 1.36 0.83 0.09
BC 2-3 1.16 0.62 0.07
3-4 1.07 0.52 0.06
4-5 1.00 0.44 0.06
5-6 0.87 0.30 0.06
6-7 0.95 0.39 0.06
7-8 1.02 0.46 0.06
8-9 1.00 0.44 0.08
9-10 0.98 0.42 0.07
11-12 1.10 0.55 0.08
13-14 1.00 0.44 0.08
15-16 1.02 0.46 0.07
17-18 0.94 0.37 0.07
19-20 0.89 0.32 0.06
21-22 0.93 0.36 0.06
23-24 0.72 0.14 0.06
25-26 0.62 0.03 0.05
27-28 0.68 0.08 0.07
29-30 0.63 0.04 0.05
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STATION DEPTH UNCORRECTED EXCESS
INTERVAL Pb-210 Pb-210 ERROR
ACTIVITY CORRECTED
ACTIVITY
ONR 0-1 1.82 1.31 0.10
11-30-94 2-3 1.14 0.58 0.07
BC 4-5 1.16 0.59 0.07
5-6 1.24 0.69 0.08
7-8 1.21 0.65 0.07
11-12 1.13 0.57 0.08
15-16 0.92 0.34 0.05
19-20 0.73 0.13 0.06
21-22 0.62 0.02 0.06
WT 0-1 1.47 0.94 0.09
08-25-94 2-3 1.22 0.67 0.07
BC-1 5-6 1.33 0.79 0.08
7-8 1.25 0.70 0.07
11-12 1.23 0.68 0.08
13-14 1.14 0.58 0.06
15-16 1.07 0.51 0.08
17-18 0.90 0.32 0.06
19-20 0.90 0.32 0.06
23-24 0.63 0.03 0.05
25-26 0.55 0.06 0.06
WT 0-1 1.35 0.82 0.08
01-12-94 2-3 1.24 0.70 0.07
BC-2 4-5 1.23 0.70 0.07
5-6 1.36 0.83 0.08
7-8 1.21 0.67 0.06
11-12 1.26 0.73 0.08
15-16 1.16 0.62 0.07
19-20 0.99 0.43 0.07
25-26 0.90 0.33 0.06
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STATION DEPTH UNCORRECTED EXCESS
INTERVAL Pb-210 Pb-210 ERROR
ACTIVITY CORRECTED
ACTIVITY
WT 0-1 1.57 1.04 0.09
10-28-94 2-3 1.44 0.90 0.06
BC 5-6 1.26 0.71 0.08
7-8 1.23 0.68 0.06
9-10 1.14 0.58 0.06
11-12 1.14 0.58 0.07
15-16 0.85 0.26 0.06
17-18 0.97 0.40 0.06
21-22 0.79 0.20 0.05
25-26 0.65 0.05 0.06
WT 0-1 1.47 0.93 0.08
11-30-94 3-4 0.77 0.82 0.06
BC 5-6 1.22 0.66 0.07
7-8 1.22 0.66 0.07
9-10 1.06 0.49 0.06
11-12 1.07 0.50 0.07
15-16 0.74 0.15 0.06
17-18 0.70 0.11 0.05
I 19-20 0.80 0.21 0.06
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APPENDIX E
Grainsize Data
Select samples were wet sieved to separate the coarse fraction (>62.5 pm) which was 
dried and weighed, the fine mud fraction (>62.5 pm) was differentiated by pipette 
analysis following the method outlined by Folk (1980).
% % %
Core Depth sand silt clav
Y10-30-96K.C-1 20-22 1.68 40.42 57.89
30-32 5.83 52.96 41.20
40-42 3.50 45.81 50.68
50-52 2.21 31.33 66.46
60-62 9.11 0.00 90.89
70-72 5.15 35.30 59.55
80-82 2.69 38.51 58.80
90-92 6.11 39.11 54.79
100-102 4.77 42.49 52.73
110-112 5.83 40.43 53.73
120-122 6.39 44.53 49.OS
130-132 1.26 33.12 65.62
140-142 0.95 37.38 61.67
150-152 5.95 45.24 48.SO
160-162 15.63 37.07 47.30
170-172 1.45 36.12 62.43
180-182 3.70 37.29 59.01
190-192 4.24 31.79 63.97
200-202 23.94 15.93 60.12
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% % %
Core Depth sand silt clav
220-222 4.66 31.92 63.42
Y5-11-98K.C-6 0-2 3.34 29.74 66.92
15-17 8.00 32.11 59.89
30-32 2.68 30.79 66.53
45-47 7.36 31.82 60.82
60-62 21.29 0.00 78.71
70-72 80.69 8.13 11.18
80-82 68.25 13.30 18.45
90-92 71.70 13.79 14.51
100-102 69.77 14.87 15.36
YABNS 3-4 14.00 63.52 22.48
11-12 39.50 24.92 35.59
14-15 68.22 13.33 18.45
21-22 57.07 17.29 25.63
27-28 65.36 13.16 21.48
Y5-11-98KC-2 0-2 10.78 40.43 48.79
2-4 11.91 38.31 49.78
8-10 14.04 41.72 44.25
16-18 7.49 39.44 53.07
20-22 7.41 43.92 48.67
24-26 9.33 31.98 58.69
32-34 4.07 44.15 51.78
38-40 4.09 38.47 57.44
44-46 4.14 45.86 50.00
48-50 3.90 31.98 64.12
55-57 6.73 44.46 48.80
Yr 11-12-96NS 1-2 53.62 19.48 26.89
9-10 47.28 21.77 30.95
14-15 38.70 24.19 37.11
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% % %
C ore D epth sand silt clav
19-20 38.74 23.26 38.01
23-24 32.16 31.12 36.72
11-12-96NF 2-3 50.26 21.42 28.32
10-11 55.68 18.29 26.03
19-20 51.96 21.79 26.25
29-30 46.75 27.69 25.56
37-38 45.57 26.14 28.29
11-12-96SS 1-2 1.59 35.91 62.50
9-10 2.07 41.63 56.30
19-20 3.47 40.50 56.03
29-30 2.07 36.05 61.88
39-40 1.23 34.94 63.82
Y1-23-95KC-2 0-2 13.90 45.13 40.97
10-12 7.14 48.21 44.64
45-47 5.92 43.45 50.63
YABSS 1-2 1.32 -6.18 104.86
5-6 3.51 38.20 58.29
9-10 4.51 43.12 52.37
14-15 9.72 42.01 48.27
19-20 24.13 0.00 75.S7
25-26 6.38 45.64 47.97
31-32 4.29 43.83 51.88
35-36 2.28 45.35 52.37
41-42 1.95 40.84 57.21
Y5-11-98 KC-3 0-2 2.97 34.49 62.55
5-7 6.03 27.26 66.71
15-17 10.67 34.00 55.33
20-22 14.27 39.64 46.09
25-27 9.43 40.15 50.42
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% % %
Core Depth sand silt clav
30-32 14.84 31.40 53.76
35-37 12.96 40.79 46.25
40-42 20.61 39.86 39.53
45-47 8.23 44.22 47.55
50-52 5.65 37.28 57.07
55-57 28.17 34.91 36.92
60-62 14.73 41.15 44.12
65-67 15.85 42.53 41.62
YR 5-11-98 KC-4 0-2 3.09 36.24 60.67
5-7 2.43 49.83 47.73
10-12 2.20 47.37 50.43
15-17 2.18 44.30 53.52
20-22 3.78 34.44 61.78
25-27 1.76 45.55 52.69
30-32 2.95 42.26 54.79
40-42 1.79 10.22 87.99
60-62 1.17 18.45 80.39
80-82 2.28 6.39 91.33
100-102 13.69 25.41 60.90
120-122 2.07 29.02 68.91
140-142 1.82 38.76 59.43
YR 5-11-98 KC-5 0-2 10.79 28.52 60.68
10-12 15.04 32.00 52.95
20-22 24.08 36.92 39.00
30-32 24.65 32.84 42.51
40-42 1.41 30.91 67.68
50-52 13.57 25.36 61.07
60-62 3.22 41.64 55.14
70-72 6.49 42.96 50.54
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% % %
C ore Depth sand silt clay
80-82 1.27 38.52 60.22
90-92 3.56 32.70 63.74
100-102 3.03 33.16 63.82
110-112 2.30 35.06 62.64
120-122 4.45 41.94 53.61
130-132 13.73 38.17 48.11
140-142 12.17 39.63 48.20
150-152 8.96 47.73 43.32
160-162 7.81 43.01 49.18
170-172 10.82 45.57 43.61
Y 9-11-95 KC-2 0-4 11.76 14.52 73.72
10-12 11.05 12.43 76.51
20-22 18.17 27.33 54.50
30-32 20.00 27.94 52.06
36 30.35 33.20 36.44
40-42 26.76 35.90 37.34
45-47 29.01 33.38 37.61
50-52 23.03 43.13 33.84
70-72 21.66 41.23 37.11
80-82 52.49 15.80 31.72
YRO10595 KC-1 0-2 21.46 25.39 53.16
10-12 9.60 25.33 65.07
20-22 6.25 46.35 47.39
30-32 15.50 36.78 47.72
40-42 3.79 37.03 59.18
50-52 16.02 39.06 44.92
70-72 21.59 53.43 24.98
80-82 25.42 41.02 33.56
Y R 09-11-95 BC-4 0-1 46.93 22.83 30.24
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% % %
C ore Depth sand silt clav
2-3 41.28 31.49 27.23
3-4 37.79 27.90 34.31
5-6 29.75 28.75 41.49
7-8 25.39 30.50 44.11
9-10 23.22 36.16 40.63
11-12 18.88 40.45 40.67
13-14 15.82 43.97 40.21
15-16 14.63 45.39 39.98
17-18 14.61 43.82 41.57
29-30 1.99 93.66 4.36
ABNF 0-1 2.36 33.03 64.61
5-6 1.34 32.00 66.67
10-11 2.06 40.24 57.69
15-16 2.78 33.72 63.50
19-20 1.54 34.96 63.50
25-26 1.63 32.20 66.18
29-30 2.32 43.11 54.57
YR 6-2-98KC-1 5-7 11.54 43.80 44.66
10-12 10.01 44.89 45.10
20-22 3.18 49.60 47.21
30-32 1.61 47.04 51.35
40-42 1.54 49.73 48.73
50-52 5.10 45.96 48.94
60-62 7.27 46.23 46.51
70-72 13.23 44.30 42.46
80-82 12.40 41.94 45.66
90-92 28.98 33.05 37.96
100-102 33.33 29.26 37.41
YR010595 KC-1 5-7 24.87 45.46 29.67
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% % %
C ore Depth sand silt clav
15-17 6.56 47.26 46.18
25-27 14.18 43.15 42.67
35-37 12.55 47.26 40.19
45-47 22.85 37.19 39.96
55-57 14.58 47.12 38.30
90-92 16.95 50.41 32.64
Y 111296SF 1-2 1.01 53.71 45.28
5-6 1.13 38.64 60.23
10-11 0.26 39.85 59.89
14-15 3.35 41.73 54.92
19-20 3.73 36.76 59.51
25-26 3.24 39.51 57.25
29-30 4.73 38.21 57.06
35-36 3.80 46.71 49.49
39-40 5.80 39.21 54.99
43-44 5.82 50.62 43.56
Y010595KC-2 0-2 8.53 34.83 56.65
5-7 34.08 25.20 40.72
10-12 31.96 28.09 39.95
15-17 22.98 30.91 46.11
20-22 6.74 43.54 49.72
YR 5-11-98 KC-4 0-2 3.09 36.94 59.97
5-7 2.43 49.83 47.73
10-12 2.20 47.37 50.43
15-17 2.18 44.30 53.52
20-22 3.78 34.00 62.22
25-27 1.76 45.55 52.69
30-32 2.95 42.26 54.79
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% % %
C ore Depth sand silt clav
Y6-2-98KC-6 0-2 5.63 48.70 45.67
5-7 7.36 44.93 47.71
10-12 4.43 45.18 50.38
15-17 3.61 43.83 52.56
20-22 5.15 47.52 47.33
25-27 3.13 35.19 61.69
30-32 8.56 45.24 46.20
35-37 4.72 47.13 48.15
40-42 2.57 41.26 56.17
45-46 4.35 44.11 51.54
50-52 9.76 44.31 45.93
55-57 14.32 40.03 45.65
60-62 9.27 47.88 42.86
65-67 13.17 45.13 41.69
70-72 19.08 42.59 38.32
75-77 11.97 43.03 45.00
80-82 16.64 38.85 44.51
85-87 30.35 34.67 34.98
90-92 35.73 38.30 25.98
95-97 19.97 48.97 31.07
100-102 16.20 51.11 32.69
PodSF 1-2 10.73 38.74 50.52
5-6 3.42 40.59 55.99
9-10 1.97 44.59 53.44
14-15 4.03 43.48 52.49
19-20 3.S4 42.77 53.39
25-26 2.26 40.00 57.74
29-30 9.45 42.96 47.59
35-36 7.41 40.74 51.85
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% % %
Core Depth sand silt clav
39-40 4.34 40.66 55.00
45-46 8.05 43.72 48.23
YABOC 1-2 10.38 40.98 48.63
5-6 5.46 39.89 54.64
10-11 11.22 71.17 17.62
15-16 12.42 39.61 47.97
19-20 10.50 38.66 50.84
25-26 15.78 39.38 44. S4
31-32 37.77 29.42 32.81
35-36 18.75 33.48 47.77
39-40 5.66 38.37 55.97
Y5-21-98kc-l 0-1 89.03 5.53 5.43
5-6 90.30 4.05 5.65
9-10 93.57 3.16 3.27
15-16 90.45 4.02 5.53
19-20 82.92 7.47 9.62
Y l-25-95kc-l 0-2 2.62 42.10 55.29
10-12 0.85 43.27 55.89
20-22 0.25 39.48 60.27
45-47 0.43 42.83 56.74
70-72 1.70 41.63 56.67
80-82 1.63 43.10 55.26
90-92 2.03 42.40 55.58
100-102 1.43 34.89 63.68
110-112 0.94 37.18 61.88
Y102S96KC-1 10-12 12.97 36.59 50.44
20-22 9.40 38.33 52.27
40-42 9.39 35.92 54.69
50-52 11.65 37.92 50.43
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% % %
C ore Depth sand silt clav
60-62 7.65 44.40 47.95
70-72 16.85 39.10 44.05
80-82 8.38 39.88 51.74
90-92 13.19 43.27 43.54
110-112 23.86 37.75 38.39
120-122 20.57 40.50 38.94
130-132 23.95 35.61 40.44
140-142 20.40 38.01 41.60
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